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S u m m a r y
Video comprises several m odalities and as the richest of all type of media, it is a 
very im portant tool and powerful medium of communication. It  is used extensively 
for presenting inform ation and expressing and communicating ideas. Huge amount 
of video m aterial is generated everyday covering a wide varaity of subjects. W ithout 
efficient and flexible tools, the usability of this m aterial is quite restricted. In  recent 
years there has been much research addressing the problem of automatic video analysis 
and retrieval. In  this thesis, the problem of automatic video annotation is considered. 
We develop a multistage decision making system tailored to the domain of sport videos.
The first stage is concerned w ith reaching a compact yet efficient representation of raw 
video material. One popular approach to this problem is a representation in terms 
of low-level features. A m ajor lim itation is that the stored indexing features are too 
low-level; they relate directly to the properties of the data. In  this stage we opted for 
a representation in terms of cues. Cues are the result of processing that associates 
the feature measurements w ith real-world objects or events. An additional advantage 
of this approach is that the cues from different types of features are presented in a 
homogeneous way.
The second stage of the system is concerned with the classification of video shots. The 
set of classes considered relate to some characteristic views that occur frequently in 
sport videos. The decision making mechanism in this stage is a boosted decision tree 
which generates hypotheses concerning the semantics of the sports video content given 
the cues annotation. In  contrast to many shot classifiers reported in the literature, the 
proposed one decomposes the global complex classification problem into a number of 
sim pler tasks. It  has the flexibility of choosing different subsets of features (cues in 
our case) to solve those tasks, thus elim inating unnecessary computations. The final 
stage of the system is designed to attack the m isclassification committed in earlier 
stages by exploiting temporal context. M isclassification can be due to error in the 
cue extraction, in the shot classifier or the consequence of a genuine ambiguity as the 
same visual content may be attributed to different sport categories, depending on the 
context. The functionality of this stage is realised by a Hidden Markov Model system 
which bridges the gap between the semantic content categorisation defined by the user 
and the actual visual content categories. T his stage also addresses the grouping of 
shots into scenes. Experim ental results on a database comprising video m aterial from 
six different events demonstrate that the proposed system is working well.
K e y  w o rd s: Image Processing, Computer Vision, Machine Learning, Sport Videos 
Summarisation, Semantic Cues, Boosted Decision Tree, Temporal Smoothing, Hidden 
Markov Models
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L is t  o f  A b b r e v i a t i o n s  a n d  S y m b o ls
A S S  A V ID  Autom atic Segmentation and Semantic Annotation of Sports VIDeos.
B B C  The B ritish  Broadcasting Corporation.
C u e  pieces of visual evidence, characteristic of certain categories
of sports that are extracted from key frames.
D C M  Dominant Colour Map
D T  Decision Tree classifier
G T  Ground Truth.
H M M  Hidden Markov Model.
M A M  Motion A ctivity Map.
M N S  M ulti-M odal Neighbourhood Signature. A  cue detection method.
M P E G  Motion Picture Experts Group.
M P E G -7  A m ultim edia content description standard.
N N  Neural Network. A  cue detection method.
P re c is io n  The proportion of the predicted positive cases that were correct.
R e c a ll ra te  The proportion of positive eases that were correctly identified.
T C  Texture Codes. A  cue detection method.
W W W  W orld W ide Web.
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Chapter 1
I n t r o d u c t i o n
1.1 Motivation
Video, by virtue of comprising several m odalities and thus being the richest of all type 
of media, is a very im portant tool and powerful medium of communication. It  is used 
extensively for capturing im portant events, presenting inform ation, and expressing and 
communicating ideas. In  recent years, the technology advancement has played a m ajor 
role in providing cheaper and better hardware and software for the acquisition, storage 
and transm ission of video data. As a result, a massive amount of video m aterial covering 
a wide variety of subjects (news, entertainment, sports, promotional sales, education, 
etc.) is generated every day and is made available to users with a wide range of interests. 
The amount of video data generated from a single event can be overwhelmingly huge. 
For example, each year the B ritish  Broadcasting Corporation (B B C ) provides coverage 
of the Wimbledon tennis championships. During this event up to fifteen different live 
feeds are being recorded simultaneously. At the end of the Wimbledon fortnight over 
one thousand tapes of sports-related footage are brought back to B B C  offices. A ll this 
video data is generated from ju st one event. The B B C  records hundreds of different 
events each year.
W ith the growth in both the number and the size of video databases, it is im portant to 
ensure their usability and accessibility. The usefulness of raw video data is lim ited as it 
cannot be accessed easily and consequently, its usability is quite restricted. Therefore,
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there is a growing need for tools and frameworks to provide an efficient and flexible 
way to access video data. For these tools to be successful, they must provide users w ith 
a searching and interaction mechanism that is able to translate raw video data into 
an efficient representation related to human assim ilation of video content. In  a way, 
people need to access inform ation in a sim ilar manner to searching and interacting 
with the World W ide Web (W W W ) or to accessing inform ation in a book. Users 
searching for information in the W W W  type few keywords describing the concept they 
are interested in and get list of links (sorted in some order) that may contain their 
required content. The index and the table of contents are essential meta-data of a 
book that enable the reader to search its contents easily. In  order to achieve sim ilar 
accessibility, it is essential to create from video m aterials a structured document through 
building semantic indices to accompany raw video data. Figure 1.1 illustrate this idea. 
The importance of the annotation-driven multimedia access motivated the community
Figure 1.1: A framework fo r accessing raw video data with the aid of semantic indexes 
that describe the m aterial The search engine uses content description to locate video 
segments queried by the user.
to provide a standard for content description. The M ultim edia Content Description 
Interface (popularly known as M P E G -7 [54]), an IS O /IE C  standard developed by the 
Moving Picture Experts Group (M P E G ), was proposed to specify a standard for the
Search
Engine
a
Result Queries
/ \
User
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description of various types m ultim edia information to promote the interoperability 
among different databases. To achieve this, M PEG -7 has four m ajor building blocks: 
descriptors for representing low-level features, description schemes for modelling the 
semantic relationships between its components, the description definition language, for 
creating new description schemes and descriptors, and systems tools. M P E G -7 aims to 
be generic, not targeted to a specific domain [55].
The process of generating meta-data to accompany raw video is a challenging task. 
Unlike W W W  or a book, there is a big gap between the physical representation of raw 
video data and the concepts and ideas this data represents. There are a number of 
existing systems designed to provide annotation which are m ainly generated by human 
efforts. However, bridging this gap m anually is associated with many problems that 
make it almost impossible to carry out on large databases. It  is a time consuming, 
subjective and inconsistent process w ith very high costs. Therefore, there have been 
extensive research efforts to provide access to video data through automatic generation 
of semantic indexes that describe the m aterial. The type of annotation and its granu­
larity depends on the application of the system and the type of users that w ill interact 
w ith it. Some systems are designed to provide access to the video using low-level fear- 
tures indexing directly the visual and the auditory contents. Users, however, are better 
at describing and communicating content at a semantic level, rather than direct use of 
low-level features, given how easily they can extract semantic inform ation from video 
data. This has been a motivation to much research to address the automatic generation 
of annotation data that describes the content of raw videos.
1.2 Research objectives and contribution
Developing generic video analysis and summarisation tools is a challenging task and it 
is unlikely to be realised in the near future. However, the task can be sim plified if  we 
attempt to develop tools tailored to handle certain domains. This can help significantly 
through using a valuable a priori knowledge about that domain. One im portant domain 
is sport. The ever increasing popularity of sport means that there is a vast amount 
of sports footage being recorded every day. Ideally, all this sports video should be
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annotated, and the meta-data generated on it should be stored in a database along 
with the video data. Such a system would allow an operator to retrieve any shot or 
im portant event w ithin a shot at a later date. This is a must if  the recorded materials 
are to be used for the production of television sport programmes or documentaries.
An investigation into the user requirements for a sports annotation system was carried 
out w ithin the Sports Department at the B B C  [1, 9]. It  was found that two separate 
logging (meta-data creation) processes are currently used when analysing the sports 
video: production logging and posterity logging. Production logging is a real-time 
annotation process. This annotation is made m anually and is m ainly focused on mark­
ing shots for inclusion in  subsequent programmes. Due to time constraints, there is a 
tendency, when generating the annotation, to skip inform ation and make errors. There­
fore, the nature and format of these logs make them unsuitable for use in any long-term 
archiving. Posterity logging is an off-line annotation process. The aim is to get a very 
detailed description of the sports video being archived. The higher quality this log, the 
more accurate and efficient any subsequent retrieval becomes. At present the process of 
generating annotation data is done m anually by skilled librarians, if  at all. This is, as 
mentioned earlier, associated with many problems that make it im practical. One main 
problem is that it is time consuming. For example, it is not uncommon for a one-hour 
sequence to take over ten hours to index fully.
In  recent years, there has been growing interest in the problem of automatic sport 
video analysis to support the two logging processes. In  the literature, many systems 
have been proposed. In  most of the reported work, however, the type of inform ation 
used to generate the annotation is the output of a set of feature detectors. These 
feature detectors are often chosen because they are able to provide useful and powerful 
discrim ination for a wide variety of situations. Many of the M PEG -7 descriptors fall 
into this category. However, no attempt is made in most existing systems to relate the 
feature detector outputs to what we as humans recognise in  the same video material.
In  this thesis, we aim to provide a solution to the problem of automatic semantic 
annotation of sport videos that would support the two logging processes mentioned 
above. We propose a hierarchical decision making approach to semantic annotation.
1.2. Research objectives and contribution 1 1
The approach is founded on the concept of cues [58], i.e. pieces of visual evidence, 
characteristic of certain categories of sports that are extracted from key frames. Cues 
relate the outputs low-level visual features to actual objects appearing and events tak­
ing place in the scene that has been recorded. They also unify the representation of 
different features of the visual content by relating the outputs of several very different 
feature detection methods w ithin a single measurement framework. Each cue detector 
can be broken down into two parts: a conventional feature detector, and a classifier. 
The feature detector provides a feature vector computed from the inform ation related 
directly to the properties of the data (e.g. colour, texture and motion). The classifier 
is then trained, using the computed feature vector, to recognise real-world concepts.
The first stage of the system deals w ith the temporal segmentation of raw sport videos 
to break it down into sm all coherent units (shots in our case) which would aid the 
process of creating a table of contents. These units are then represented in  terms of 
semantic cues. This stage has the advantage of reducing the huge dim ensionality of raw 
video data to a vector containing the cue values. This more compact representation 
can then be used by later stages to reach finer more accurate decisions.
In  the second stage, we propose a hierarchical shot classification system. The classifi­
cation system uses the annotation generated by the first stage (i.e. in terms of cues) to 
perform the identification and classification of sport (e.g. football, tennis) as well as 
shot framing type -or views- (e.g. global views, close-ups). In  contrast to many existing 
shot classification systems which are restricted to dealing with a single discipline, the 
system is designed to address m ultidisciplinary events such as the Olym pic games where 
huge volume of video m aterial is recorded, w ith the content random ly switching from 
one discipline to another. The functionality of the proposed shot classifier is realised 
by a boosted version of a decision tree learning algorithm which generates hypotheses 
concerning the semantics of the sports video content. One advantage of using decision 
trees is their automatic cue selection capabilities. This is im portant specially in the 
case where we have a large number of cues. The architecture of a decision tree offers 
the flexibility of choosing different subsets of cues at different internal nodes of the 
tree to discrim inate among the classes in that node. In  many cases this can lead to 
using a much smaller set of cues for each sub-problem. Therefore, only a subset of the
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original cue set available for the analysis process needs to be estimated which means 
elim inating unnecessary computation.
In  the third stage, and to increase the classification power of the whole system, we in­
troduce the idea of temporal decision smoothing. This stage deals w ith m isclassification 
by the shot classifier (due to error and/or am biguity). T his is done through exploiting 
the temporal context. The functionality of this stage is realised by a system of hid­
den Markov models. In  the literature, hidden M arkov models have been used in  many 
pattern recognition and machine vision systems. The input to most of these models 
is usually a feature vector computed from low-level information. In  contrast, hidden 
Markov models developed for our system operate on high-level decisions generated by 
the boosted decision-tree-based shot classifier. The aim is to bridge the gap between 
the semantic content categorisation defined by the user and the actual visual content 
categories. The latter is often ambiguous, as the same visual content may be attributed 
to different sport categories, depending on the context. Hidden Markov models are also 
used to group related shots in  terms of sports identity (in the case of m ultidisciplinary 
events) and in terms of play segments (w ithin single event).
W hile the system is tailored to analyse sport videos, we believe that it can be applied 
to videos from other domains. This can be achieved through training cue extraction 
methods to generate evidences about the presence of some characteristic objects and/or 
events characteristic of the investigated domain.
1.3 Organisation of thesis
The remaining chapters of this thesis are organised as follows. In  Chapter 2 we look 
at several issues related to the problem of video summarisation. We overview the 
organisation of video documents and review types and levels of summarisation. We 
present in this chapter some useful properties of sports video that w ill be used in 
aiding the analysis and summarisation processes. We also overview a number of existing 
methods that deal w ith the problem of sport video analysis.
In  Chapter 3 we give a broad outline of our proposed multistage system. Once we have
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in t r o d u c e d  th e  “ b ig  p ic tu r e ”  o f  th e  s y s te m , i t  w i l l  m a k e  m o r e  s en se  t o  in v e s t ig a te  its  
v a r io u s  p a r t s  in  s u b s e q u e n t c h a p te rs .
In  C h a p te r  4  w e  d e s c r ib e  in  d e t a i l  t h e  f ir s t  s ta g e  o f  th e  p r o p o s e d  s y s te m . W e  f ir s t  
d iscu ss  th e  t e m p o r a l  s e g m e n ta t io n  o f  v id e o  a n d  k e y - fr a m e  s e le c t io n . W e  th e n  lo o k  a t  
th e  p a r t  o f  th e  s y s te m  w h ic h  is  c o n c e r n e d  w i t h  th e  e x t r a c t io n  o f  s e m a n t ic  cues. W e  
o v e r v ie w  a  n u m b e r  o f  c u e  e x t r a c t io n  m e th o d s  f o r  d e t e c t in g  th e  p r e s e n c e  o f  c h a ra c te r is t ic  
o b je c ts / p r o p e r t ie s  o f  s p o r t  v id e o s .  E x p e r im e n t s  d e s ig n e d  t o  e v a lu a t e  th e  p e r fo r m a n c e  
o f  th e s e  e x t r a c t io n  m e th o d s  a r e  d e s c r ib e d  a n d  th e  re s u lts  o b ta in e d  a r e  r e p o r t e d .
In  C h a p te r  5 w e  d e s c r ib e  th e  s e c o n d  s ta g e  o f  th e  p r o p o s e d  s y s te m . W e  f ir s t  p r o v id e  
a n  o v e r v ie w  o f  o n e  p o p u la r  m a c h in e  le a r n in g  m e th o d :  d e c is io n  tr e e s ,  w h ic h  a r e  u sed  t o  
b u i ld  th e  p r o p o s e d  s h o t  c la s s if ic a t io n  s y s t e m .T h e  m a in  m o t iv a t io n s  fo r  u s in g  d e c is io n  
tr e e s  in  th is  s ta g e  a re  s ta te d .  W e  a ls o  d iscu ss  a  m e th o d  fo r  b o o s t in g  d e c is io n  t r e e s  a n d  
it s  e f fe c ts  o n  e n h a n c in g  c la s s if ic a t io n  p e r fo rm a n c e .  A ls o  in  th is  c h a p te r  w e  c o m p a r e  th e  
p e r fo r m a n c e ,  a d v a n ta g e s  a n d  d is a d v a n ta g e s  o f  tw o  s e tu p s  fo r  b u i ld in g  th e  s h o t  c la ss i­
f ie r :  b u i ld in g  a  s in g le  b o o s t e d  c la s s if ie r  a n d  a s s e m b lin g  s e v e r a l s p e c ia l is e d  c la s s if ie rs . 
E x p e r im e n t s  d e s ig n e d  t o  e v a lu a t e  t h e  p e r fo r m a n c e  o f  th e  p r o p o s e d  s h o t  c la s s if ie r  a re  
r e p o r t e d .  f
In  C h a p te r  6 w e  s ta t e  th e  m o t iv a t io n  b e h in d  in t r o d u c in g  th e  t e m p o r a l  p o s t  p ro c e s s ­
in g  s ta g e  ( t h e  th ir d  s ta g e  in  o u r  s y s t e m ).  W e  th e n  o v e r v ie w  h id d e n  M a r k o v  m o d e ls  
w h ic h  a r e  e m p lo y e d  t o  p e r fo r m  th e  t e m p o r a l  s m o o th in g .  W e  t e s t  th e  s y s te m  u s in g  
tw o  s e tu p s  o f  h id d e n  M a r k o v  m o d e ls .  I n  th e  f ir s t ,  w e  c o n s tru c t  a n d  t r a in  a  m o d e l  f o r  
e a c h  d is c ip lin e .  In  th e  s e c o n d , w e  c o n s tru c t  a  s in g le  m o d e l  w i t h  e a c h  n o d e  r e p r e s e n t in g  
o n e  o f  t h e  d is c ip lin e s  in v e s t ig a te d .  W e  r e p o r t  t h e  r e s u lt  o f  a n  e x p e r im e n t  d e s ig n e d  t o  
c o m p a r e  th e  p e r fo r m a n c e  o f  t h e  tw o  s e tu p s . A ls o  in  th is  c h a p te r ,  s h o t  g r o u p in g  in  
t e r m s  o f  s p o r t  id e n t i t y  as  w e l l  as in  t e rm s  o f  s e g m e n ts  in  w h ic h  th e  p la y  is  h a p p e n ­
in g  (P la y / B r e a k  s e g m e n ta t io n )  a r e  d is cu ssed . T h e  re su lts  o f  e x p e r im e n ts  d e s ig n e d  t o  
e v a lu a t e  t h e  e n h a n c e m e n t  a c h ie v e d  b y  in t r o d u c in g  th is  s ta g e  a r e  p r e s e n te d .
In  C h a p te r  7 w e  p r o v id e  c o n c lu d in g  r e m a r k s  a n d  d iscu ss  a  n u m b e r  o f  p o s s ib le  e x te n s io n s  
t o  t h e  p r o p o s e d  s y s te m .
C h a p t e r  1. I n t r o d u c t i o n
Chapter 2
V i d e o  S u m m a r i s a t i o n  a n d  
R e t r i e v a l
2.1 Introduction
T h e  p r o b le m  o f  v id e o  a n a ly s is  a n d  s u m m a r is a t io n  h as  b e e n  an  a c t iv e  r e s e a rch  t o p ic  
re c e n t ly .  C o n s e q u e n t ly ,  m a n y  s y s te m s  h as  b e e n  p r o p o s e d  t o  f in d  a  s o lu t io n  t o  th is  
p r o b le m .  In  th is  c h a p te r  w e  b r ie f ly  lo o k  a t  s o m e  issu es a s s o c ia te d  w i t h  v id e o  s u m ­
m a r is a t io n  a n d  r e t r ie v a l ,  a n d  o v e r v ie w  th e  m o s t  r e le v a n t  a p p ro a c h e s  r e p o r t e d  in  th e  
l i t e r a tu r e .  I n  S e c t io n  2 .2 , w e  d iscu ss  o n e  p r o b le m  a s s o c ia te d  w i t h  v id e o  d a ta :  i t s  u n ­
s t ru c tu r e d  fo r m a t ;  a n d  r e v ie w  a  c o m m o n  s o lu t io n  t o  th is  p r o b le m .  T h e  is su e  o f  v id e o  
in d e x in g  in  te rm s  o f  w h a t  t o  in d e x  a n d  h o w  t o  in d e x  is  d is cu ssed  in  S e c t io n  2.3 . In  
S e c t io n  2 .4  w e  r e v ie w  a  n u m b e r  o f  e x is t in g  a p p ro a c h e s  t a r g e t in g  th e  p r o b le m  o f  im a g e  
a n d  v id e o  a n a ly s is .
T h e  w o r k  p r e s e n te d  in  th is  th e s is  is  t a i lo r e d  t o  th e  d o m a in  o f  s p o r t  v id e o s .  S p o r ts  
v id e o  a n a ly s is  h as b e e n  th e  th e m e  fo r  m u c h  re s e a r c h  re c e n t ly .  T h is  is  b e c a u s e  o f  th e  
p o p u la r i t y  o f  s p o r t in g  e v e n ts  a n d  th e  h u g e  n u m b e r  o f  e v e n ts  t a k in g  p la c e  e v e r y  y e a r .  
In  S e c t io n  2.5 , w e  d iscu ss  s o m e  u s e fu l p r o p e r t ie s  o f  s p o r t  v id e o s .  E x p lo i t in g  th e s e  
p r o p e r t ie s  w o u ld  s ig n i f ic a n t ly  a id  t h e  a n a ly s is  p ro c e s s  b y  p r o v id in g  v a lu a b le  a  p r io r i  
in fo r m a t io n .  W e  a ls o  o v e r v ie w  a  n u m b e r  o f  e x is t in g  m e th o d s  d e s ig n e d  t o  d e a l w i t h  
s p o r ts  v id e o  a n a ly s is . W e  c o n c lu d e  th is  c h a p te r  in  S e c t io n  2.6.
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2.2 The organisation of videos
B o o k s  a r e  v e r y  e a s y  t o  a ccess  b e c a u s e  o f  t h e  a v a i la b i l i t y  o f  b o t h  a  ta b le  o f  c o n te n ts  a n d  
an  in d e x  f o r  k e y w o rd s  a n d  p h ra s es . T h is  is d o n e  b y  d e c o m p o s in g  th e  t e x t  in to  c h a p te r s ,  
s e c t io n s , p a ra g ra p h s  a n d  w o rd s . T o  a c h ie v e  s im ila r  ea s e  o f  a ccess , t h e  v id e o  n ee d s  t o  
b e  s e g m e n te d  t o  s m a lle r  m a n a g e a b le  u n its  in  o r d e r  t o  c o m p o s e  a  t a b le  o f  c o n te n ts  [12]. 
H o w e v e r ,  th e  ta s k  o f  d e c o m p o s in g  a  v id e o  d o c u m e n t  in to  s m a lle r  e n t it ie s  is n o t  as 
e a s y  as d e c o m p o s in g  a  t e x tu a l  d o c u m e n t .  V id e o  is  a  m u lt im o d a l  d o c u m e n t  c o m p r is in g  
v is u a l,  a u d it o r y  a n d  t e x tu a l  s tre a m s . M o r e o v e r ,  as m e n t io n e d  b e fo r e ,  th e r e  is  a  b ig  g a p  
b e tw e e n  th e  p h y s ic a l r e p r e s e n ta t io n  o f  th e  c o n te n t  a n d  th e  s e m a n t ic  c o n c e p ts  th e s e  
m a te r ia l  r e p re s en ts .
In  m o s t  e x is t in g  te c h n iq u e s , a n d  t o  d e a l w i t h  th e  u n s tru c tu re d  fo r m a t  o f  v id e o s ,  th e  f ir s t  
s te p  a r e  is  u s u a lly  d e s ig n e d  t o  p e r fo r m  s e g m e n ta t io n  o f  r a w  v id e o  in to  s m a lle r  c o h e re n t  
u n its . T h e  s e g m e n ta t io n  c a n  b e  t e m p o r a l  o r  s p a t io - t e m p o r a l  ( in  t e rm s  o f  t e m p o r a l  
o b je c t s ) .  In  th is  th e s is  w e  c o n s id e r  o n ly  t e m p o r a l  s e g m e n ta t io n .  I n  th e  l i t e r a tu r e ,  
m a n y  m e th o d s  h a v e  b e e n  p r o p o s e d  t o  p a r t i t io n  v id e o s .  M o s t  o f  th e s e  m e th o d s  p e r fo r m  
th e  s e g m e n ta t io n  in  te rm s  o f  sh o ts . S o m e  m e th o d s  ta k e  th e  t e m p o r a l  s e g m e n ta t io n  
o n e  s te p  fu r th e r  b y  g r o u p in g  s h o ts  in to  scen es  [52, 77 ]. A  w id e ly  u sed  s t ru c tu r e  f o r  
r e p r e s e n t in g  a  v id e o  is  s h o w n  in  F ig u r e  2 .1 . A  d e s c r ip t io n  o f  e a c h  le v e l  fo llo w s :
Frame level A  fr a m e  is th e  b a s ic  v is u a l  u n it  o f  t h e  v id e o ,  c o r r e s p o n d in g  t o  a  s in g le  
im a g e . N o  t e m p o r a l  a n a ly s is  is a v a i la b le  a t  th is  le v e l .  L o w - le v e l  im a g e -p r o c e s s in g  
te c h n iq u e s  a re  u sed  t o  e x t r a c t  fe a tu r e s  f r o m  fra m e s . T h e s e  fe a tu r e s  a re  in d is p e n s ­
a b le  f o r  s u p p o r t in g  c o n te n t-b a s e d  r e t r ie v a l  a n d  p e r fo r m in g  h ig h - le v e l  a n a ly s is .
Shot level A  s h o t  is d e f in e d  as a  s e t o f  c o n t ig u o u s  fr a m e s  a l l  a c q u ir e d  th r o u g h  a  
c o n t in u o u s  c a m e ra  r e c o r d in g  a t  a  p h y s ic a l lo c a t io n  [7 ]. S h o ts  a r e  c o n s id e r e d  
as  th e  ba sic  te m p o ra l  u n its  in  m o s t  e x is t in g  s y s te m s . M a n y  te c h n iq u e s  f o r  th e  
s e g m e n ta t io n  o f  v id e o s  in to  s h o ts , t h a t  p e r fo r m  v e r y  w e l l  a r e  a v a ila b le  [17, 28, 
50 , 51, 62 , 65 , 92 ]. K e y  fr a m e s  c a n  b e  e x t r a c t e d  f o r  c o m p a c t  r e p r e s e n ta t io n  o f  
th e  sh o ts .
Scene level A  scene is defined as a segment of the video with semantic continuity
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F ig u r e  2 .1 : A  H ie ra r c h ic a l  v id e o  s t ru c tu r e  r e p r e s e n ta t io n : A  v id e o  is  d e s c r ib e d  a t f o u r  
d if fe re n t  le v e ls  o f  deta il. T h is  in f o r m a t io n  ca n  be u se fu l to  c o n s tr u c t  a va lu a b le  tab le  o f  
co n ten ts .
[61 ]. U n l ik e  s h o ts , s cen es  a r e  d i f f ic u lt  t o  d e t e c t  s in c e  th e y  in v o lv e  s e m a n t ic  u n ­
d e r s ta n d in g  o f  t h e  c o n te n t .  T h e r e  h a v e  b e e n  s o m e  a t t e m p ts  t o  c lu s te r  g r o u p  o f  
s h o ts  t o  c r e a te  s cen es  u s in g  h e u r is t ic  ru le s  (e .g .  a s s u m in g  a  s ce n e  i f  a d ja c e n t  s h o ts  
h a v e  s im ila r  c o lo u r  c o n te n t  o r  h a v e  a u d io  c o n t in u ity )  [52 , 77].
Video level T h is  le v e l  is  t h e  m o s t  g e n e ra l  a n d  r e p r e s e n ts  th e  r a w  v id e o  d a ta .  I t  
c o n s is ts  o f  e le m e n ta r y  v id e o  u n its  t o g e th e r  w i t h  s o m e  g e n e ra l  v id e o  a t t r ib u te s  
su ch  as fo r m a t ,  f r a m e  r a t e  e t c  [69].
2.3 Type and level of summarisation
O n e  im p o r ta n t  issu e  t o  a d d re s s  w h e n  b u i ld in g  v id e o  in d ic e s  o r  s u m m a r ie s  is  ilH o w  to  
i n d e x ? ” [80 ]. T h e  fo r m  o f  s u m m a r is a t io n  a n d  its  g r a n u la r it y  d e p e n d s  o n  th e  a p p l ic a t io n  
o f  th e  s y s t e m  a n d  th e  t y p e  o f  u sers  t h a t  w i l l  in te r a c t  w i t h  i t .  S o m e  s y s te m s  a re  d e s ig n e d
□  □ □ □ □ □ □ □ □ □ □ □ □  a  cd □
r
V J
□  □ □ □ □ □ □ □ □ □ □ □ a  □  □  cz]
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t o  p r o v id e  access  t o  t h e  v id e o  u s in g  lo w - le v e l  fe a tu r e s ,  in d e x in g  d i r e c t ly  t h e  v is u a l  a n d  
th e  a u d it o r y  c o n te n ts .  T h e s e  t y p e s  o f  s y s te m s  r e q u ir e  th e ir  u sers  t o  b e  a b le  t o  issu e  
s o p h is t ic a te d  te c h n ic a l q u e r ie s . T h e  q u e r y  is b a s ic a l ly  a  d e s c r ip t io n  o f  t h e  m a te r ia l  
in  te rm s  o f  lo w  le v e l  fe a tu r e s  (e .g .  th e  p e r c e n ta g e  a n d  p o s i t io n  o f  c o lo u rs  in  ca se  o f  
im a g e s )  o r  s o m e  s a m p le  m a te r ia l  t h a t  is  r e p r e s e n ta t iv e  o f  th e  c o n te n t  t h e  u se r  w is h e s  
t o  r e t r ie v e .  F o r  th e s e  s y s te m s , t h e  in d ic e s  r e p r e s e n t  s o m e  m e a s u re m e n ts  o b t a in e d  f r o m  
th e  o u tp u t  o f  v a r io u s  lo w - le v e l  fe a tu r e  d e te c to r s .  T h e s e  m e a s u re m e n ts  a r e  la t e r  u sed  fo r  
c o m p a r is o n  w i t h  q u e r ie s  is su ed  b y  th e  u se r  e m p lo y in g  a p p r o p r ia t e  s im i la r i t y  m ea su re s . 
M u c h  re s e a rch  h a v e  b e e n  r e p o r t e d  o n  h o w  t o  c r e a te  su ch  in d ic e s . T h e  a t t r a c t iv e n e s s  o f  
th e s e  in d ic e s  is  t h a t  t h e y  r e ly  o n  lo w - le v e l  fe a tu r e s  w h ic h  a r e  d o m a in - in d e p e n d e n t  a n d  
th e r e fo r e  c a n  b e  a p p l ie d  t o  m a n y  d is c ip lin e s . H o w e v e r ,  in t e r a c t in g  w i t h  th e s e  s y s te m s  
is  d if f ic u lt .  M o r e o v e r ,  th e  r e s u lt  o f  a  q u e r y  c a n  b e  fa r  f r o m  w h a t  th e  u se r  w a n ts  i f  tw o  
d if fe r e n t  c o n c e p ts  s h a re  th e  s a m e  lo w - le v e l  r e p r e s e n ta t io n .
In  m o s t  a p p lic a t io n s ,  w h ic h  is th e  ca s e  fo r  s p o r ts  v id e o ,  u sers  a r e  in te r e s t e d  in  s e a rc h in g  
f o r  c o n c e p ts  in  a  d o c u m e n t  u s in g  th e ir  n a m e s  r a th e r  th a n  d e s c r ib in g  th e m  u s in g  th e ir  
lo w - le v e l  r e p r e s e n ta t io n .  C o n c e p ts  a re  a b s t r a c t  e n t it ie s  t h a t  c a n n o t  b e  o b s e r v e d  b u t  
r a th e r  p e r c e iv e d  b y  h u m a n s  [2 3 ]. L o w - le v e l  fe a tu r e s  a r e  v e r y  im p o r ta n t  t o o ls  f o r  th e  
a n a ly s is  o f  a u d io v is u a l m a te r ia l  b u t  a re  d e f in i t e ly  in s u ff ic ie n t  t o  s u p p o r t  d e s c r ib in g  th e  
v id e o  c o n te n t  in  te rm s  o f  c o n c e p ts .  F o r  th is  t y p e  o f  a ccess , v id e o  m a te r ia ls  n e e d  t o  
b e  a n n o ta te d  a n d  in d e x e d  in  te rm s  o f  s e m a n t ic  c o n c e p ts  u s in g  k e y w o rd s .  T h e  v id e o  is 
s e g m e n te d  a n d , f o r  e a c h  s e g m e n t,  a  t e x t  d e s c r ip t io n  is c r e a te d  t o  d e s c r ib e  it s  s e m a n t ic  
c o n ten ts . O f  c o u rs e , lo w - le v e l  a n n o ta t io n  p la y s  a n  im p o r ta n t  r o le  in  b u i ld in g  su ch  in ­
d ic e s . W i t h  th e  a id  o f  su ch  s e m a n t ic  a n n o ta t io n ,  u sers  c a n  access  v id e o  m a te r ia ls  u s in g  
t e x t -b a s e d  q u e r ie s . T h is  t y p e  o f  in d ic e s  is e a s ie r  a n d  p r e fe r a b le  f o r  u se r  in te r a c t io n .  
H o w e v e r ,  c r e a t in g  th e m  is  a  h a rd e r  a n d  m u ch  m o r e  c h a lle n g in g  ta s k  th a n  p r o v id in g  
lo w - le v e l  in d ic e s  as i t  in v o lv e s  h ig h - le v e l  s cen e  in te r p r e ta t io n .
A n o t h e r  is su e  th a t  n e e d s  a d d re s s in g  is  t h e  le v e l  o f  a n n o ta t io n  o r  “  W h a t  to  in d e x ? ” 
A  v id e o  is a  la r g e  d o c u m e n t .  T h e  s e m a n tic s  t h a t  u sers  m ig h t  b e  in te r e s t e d  in  u s in g  
f o r  q u e r y in g ,  r e la t e  o n ly  t o  a  f r a c t io n  o f  th e  w h o le  c o n te n t .  T h e  le v e l  o f  a n n o ta t io n  is 
d e p e n d e n t  o n  th e  d o m a in  o f  th e  v id e o s  a n d  o n  u se r  q u e r ie s . I n  th e  d o m a in  o f  s p o r t  
v id e o s  fo r  e x a m p le ,  m o s t  u sers  a r e  in te r e s te d  in  s e g m e n ts  o f  th e  v id e o  t h a t  c o n ta in
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th e  a c tu a l p la y . T h e y  a re  less  in te r e s t e d  o r  n o t  in te r e s te d  a t  a l l  in  e v e n ts  t h a t  a r e  n o t  
r e la t e d  t o  th e  g a m e . T o  g iv e  a  m o r e  s p e c i f ic  e x a m p le ,  c o n s id e r  tw o  v id e o  s e g m e n ts  f r o m  
a  te n n is  m a tc h , o n e  r e p r e s e n t in g  a  p o in t  a n d  th e  o th e r  r e p r e s e n t in g  a  c r o w d  scen e . In  
th e  ca s e  o f  t h e  p o in t  s e g m e n t ,  v ie w e r s  m ig h t  b e  in te r e s te d  t o  k n o w  th e  n u m b e r  o f  b a l l  
e x c h a n g e s  in  th e  ra l ly ,  t h e  t y p e  o f  p la y  (w a s  i t  a  b a s e  l in e  e x c h a n g e  o f  b a l ls  o r  w a s  th e r e  
a  n e t  a p p r o a c h ) ,  t h e  t y p e  o f  p o in t  (w a s  i t  a  w in n e r  o r  u n fo r c e d  e r r o r ) ,  e tc . In  th e  case  
o f  th e  c r o w d  s e g m e n t ,  s t a t in g  t h a t  i t  r e p r e s e n ts  a  c r o w d  m ig h t  b e  s u ff ic ie n t .  T h e  le v e l  
o f  a n n o ta t io n  is h a rd  t o  p r e d ic t  in  a d v a n c e . T h e r e fo r ,  o n e  im p o r ta n t  is su e  is t o  a l lo w  
u sers  t o  e x t e n d  i t  a c c o r d in g  t o  th e ir  n eed s .
2.4 Review of State-of-the-Art techniques
N u m e r o u s  te c h n iq u e s  w e r e  p r o p o s e d  th a t  d e a l w i t h  th e  p r o b le m  o f  t h e  a n a ly s is  a n d  
in d e x in g  o f  v id e o  d a ta .  In  th is  s e c t io n  w e  lo o k  a t  a  n u m b e r  o f  th e s e  m e th o d s .  A s  a  
v id e o  is a  m u lt im o d a l  d o c u m e n t ,  th e s e  m e th o d s  c a n  b e  r e v ie w e d  b a s e d  o n  th e  m e d iu m  
th e y  d e a l w ith .  W e  c a n  d iv id e  th e m  in to  th r e e  c a te g o r ie s .  M e t h o d s  d e a l in g  w i t h  s t i l l  
im a g e s , m e th o d s  d e a l in g  w i t h  a u d io  m a te r ia ls  a n d  m e th o d s  th a t  a d d re s s  v id e o  d a ta .
2.4.1 Image analysis and retrieval
Im a g e  a n a ly s is  a n d  r e t r ie v a l  h a s  b e e n  a n  a c t iv e  re s e a rch  a r e a  s in c e  th e  1 97 0 ’s [76]. 
O n e  p o p u la r  a p p ro a c h  is  t o  m a k e  a v a i la b le  a  t e x tu a l  d e s c r ip t io n  o f  a n  im a g e  m a n u a lly  
b y  an  in d e x e r ,  a n d  s to r e  i t  in  a  D a ta b a s e  M a n a g e m e n t  S y s te m  (D B M S ) .  D i f fe r e n t  
in d e x in g  s ch em es  w e r e  u sed  t o  a l lo w  e a s y  a ccess  t o  im a g e s  [18 ]. I n  o n e  s ch em e , a  
p r e d e te r m in e d  s e t  o f  c a te g o r ie s  is  d e f in e d  a n d  th e  im a g e  is  c la s s if ie d  m a n u a lly  in to  
o n e  o f  th e s e  c a te g o r ie s .  O n e  l im i t a t io n  o f  th is  m e th o d  is th e  fa c t  t h a t  o n ly  a  l im it e d  
n u m b e r  o f  c o n c e p ts  is a v a i la b le  t o  b o t h  a n n o ta to r s  a n d  u sers. A n o t h e r  s ch e m e  s o lv e s  
th is  p r o b le m  b y  u s in g  a  fr e e  v o c a b u la r y  t o  d e s c r ib e  th e  im a g e . I n  th e  e n t i t y - a t t r ib u te -  
r e la t io n  s c h e m e [4 5 ], a ll  t h e  o b je c ts  in  th e  im a g e  a r e  id e n t i f ie d  a lo n g s id e  th e ir  a t t r ib u te s  
a n d  th e  r e la t io n s h ip s  b e tw e e n  th e m .
T h e  a b o v e  s ch em es  s u ffe r  m a n y  d ra w b a c k s . O n e  m a jo r  d ra w b a c k  is  th e  n e e d  f o r  m a n u a l
2 0 Chapter 2. Video Summarisation and Retrieval
in d e x in g .  A s  w e  m e n t io n e d  e a r l ie r ,  m a n u a l a n n o ta t io n  is  im p r a c t ic a l  e s p e c ia l ly  as 
th e  n u m b e r  a n d  th e  s izes  o f  im a g e  d a ta b a s e s  g r o w  e x p o n e n t ia l ly .  A n o t h e r  p r o b le m  
a r is e s  w i t h  th e  d i f f ic u l t y  o f  h a v in g  a  c o n s is te n t  d e s c r ip t io n  o f  a n  im a g e  (w h ic h  te n d s  t o  
h a v e  a  r ic h  c o n t e n t )  d u e  t o  t h e  s u b je c t iv i t y  o f  h u m a n  p e r c e p t io n  (i .e .  d i f fe r e n t  p e o p le  
h a v e  d i f fe r e n t  in t e r p r e t a t io n s )  [76 ]. C o n te n t -b a s e d  im a g e  r e t r ie v a l  w a s  p r o p o s e d  in  
o r d e r  t o  o v e r c o m e  th e s e  d if f ic u lt ie s .  In  th is  p a r a d ig m ,  im a g e s  a r e  in d e x e d  b y  th e ir  
v is u a l c o n te n t ,  su ch  as c o lo u r ,  t e x tu r e ,  e tc .  U s e rs  is su e  q u e r ie s  in  te rm s  o f  e x a m p le  
im a g e s , sk e tch es  o r  a  lo w - le v e l  d e s c r ip t io n  (e .g .  p e r c e n ta g e  a n d  p o s i t io n  o f  c o lo u re d  
r e g io n s ) .  M a n y  Im a g e  R e t r ie v a l  s y s te m s  h a v e  b e e n  p r o p o s e d  th a t  s u p p o r t  th e  q u e r y  
b y  e x a m p le  (Q B E )  p a r a d ig m .  E x a m p le  s y s te m s  w i t h  th is  m o d e  o f  r e t r ie v a l  in c lu d e  
P h o t o b o o k  [68 ], Q B I C  s y s t e m  b y  I B M  [2 0 ], M A R S  (M u l t im e d ia  A n a ly s is  a n d  R e t r ie v a l  
S y s t e m ) [29 ], V is u a lS E E k  [79], th e  V i r a g e  s ea rch  e n g in e  [33] a n d  th e  O V I D  s y s t e m  [47]. 
S o m e  re s e a rch  e f f o r t  w a s  m a d e  t o  a l lo w  users  t o  fo r m u la te  q u e r ie s  th r o u g h  a  h ig h - le v e l  
t e x tu a l  in te r fa c e .  A n  e x a m p le  o f  th is  p a r a d ig m  is  t h e  P i c t o r ia l  D ic t io n a r y  [25].
2.4.2 Audio analysis and retrieval
A lt h o u g h  th e  v is u a l c o n te n t  o f  a  v id e o  is th e  m o s t  u sed  m e d iu m  fo r  v id e o  a n a ly s is  a n d  
r e t r ie v a l ,  a u d io  (b o t h  s p e e c h  a n d  n o n -s p e e c h ) is  a n  im p o r ta n t  s o u rc e  as w e ll.  A u d io  
c a n  p r o v id e  s ig n if ic a n t  in fo r m a t io n  r e g a r d in g  v id e o  c o n te n t  w h ic h  is im p o s s ib le  t o  in fe r  
u s in g  o n ly  v is u a l fe a tu re s .  I f  w e  ta k e  in te r v ie w s  o r  n e w s  b ro a d c a s ts  f o r  e x a m p le ,  th e  
v is u a l c o n te n t  is  d e f in i t e ly  n o t  e n o u g h  t o  r e a l is e  w h a t  t h e  in t e r v ie w  o r  th e  n ew s  s u b je c t  
is  a b o u t .  W h a t  w e  see  in  th is  t y p e  o f  m a te r ia l  a re  fa c e s  w i t h  l ip  m o v e m e n t  a n d  s o m e  
e x p re s s io n . In  th is  ca se  s p e e c h  p ro c e s s in g  a n d  s p e e c h  r e c o g n it io n  t e c h n o lo g ie s  p la y  a  
v i t a l  r o le  in  e x t r a c t in g  v a lu a b le  k e y w o rd s  th a t  w i l l  h e lp  in  id e n t i f y in g  th e  d o m a in  o f  
th e  n e w s  o r  in te r v ie w .
N o n -s p e e c h  p ro c e s s in g  a n d  r e c o g n it io n  is a ls o  a n  im p o r ta n t  s o u rc e  o f  in fo r m a t io n .  I f  
w e  lo o k  a t  th e  s p o r t  v id e o  d o m a in  f o r  e x a m p le ,  i t  is  q u it e  d i f f ic u lt  t o  d e t e c t  th e  e x a c t  
t im e  a t  w h ic h  a  s w im m in g  r a c e  s ta r ts  u s in g  o n ly  v is u a l  in fo r m a t io n .  T h e  s o u n d  o f  
th e  g u n  u sed  t o  in i t ia t e  th e  r a c e  is d is t in c t iv e  a n d  g iv e s  a  s t r o n g  cu e . T h e r e  is  a  v a s t  
b o d y  o f  re s e a r c h  a d d re s s in g  a u d io  a n a ly s is  a n d  r e c o g n it io n .  I n  [53 ], L u  p r o v id e s  a
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c o m p re h e n s iv e  s u r v e y  o f  a u d io  in d e x in g  a n d  r e t r ie v a l  te c h n iq u e s . T h is  p a p e r  d e s c r ib e s  
th e  m a in  a u d io  c h a ra c te r is t ic s  a n d  fe a tu r e s  and- d iscu sses  te c h n iq u e s  fo r  c la s s ify in g  
a u d io  in t o  s p e e c h  .a n d  m u s ic  b a s e d  o n  th e s e  fe a tu re s .  M a n y  e f fo r ts  w e r e  m a d e  th a t  
a d d re s s  th e  p r o b le m  o f  a u d io -b a s e d  a n n o ta t io n  b y  t a r g e t in g  th e  d o m a in  o f  s p o r t  v id e o s ,  
P a n d i t  e t  a l. [66] d is c u s se d  th e  c la s s if ic a t io n  o f  n o n -s p e e c h  s o u n d  t o  d e t e c t  a u d io  cu es  
f o r  g e n e r a t in g  e v id e n c e  a b o u t  t h e  p r e s e n c e  o f  in te r e s t in g  s o u n d  in  s p o r t  v id e o s .
2.4.3 Video retrieval
N u m e r o u s  te c h n iq u e s  a r e  a v a i la b le  f o r  t h e  a n a ly s is ,  in d e x in g  a n d  r e t r ie v a l  o f  v id e o s .  
S o m e  e x a m p le s  in c lu d e  th e  V i r a g e  s y s t e m  [27 ]. V i r a g e  h a s  a n  o p e n  f r a m e w o r k  w h ic h  
a llo w s  th e  in t e g r a t io n  o f  m a n y  a u d io  a n d  v id e o  a n a ly s is  t o o ls  in  r e a l  t im e ,  a n d  p la c e s  
th e  d a ta  in to  a n  in d u s t r y - s ta n d a r d  d a ta b a s e  su ch  as In fo r m ix  o r  O ra c le .  D im it r o v a  
e t  a l. [11] p r e s e n te d  a  m e th o d  fo r  v id e o  c la s s if ic a t io n  b a s e d  o n  t e x t  r e c o g n it io n  a n d  
fa c e  t r a c k in g .  T h e y  w e r e  m o t iv a t e d  b y  th e  o b s e r v a t io n  th a t  in  d i f fe r e n t  T V  c a te g o r ie s  
th e r e  a r e  d i f fe r e n t  t e x t  a n d  fa c e  t r a j e c t o r y  p a t t e r n s .  I n  th is  m e th o d ,  h id d e n  M a r k o v  
m o d e ls  w e r e  u sed  t o  c la s s ify  v id e o  c lip s  in to  fo u r  c a te g o r ie s :  n e w s , c o m m e r c ia l ,  s it c o m  
a n d  so a p . C h a n g  e t  a l [7] p r o p o s e d  a  s y s te m  fo r  th e  s e g m e n ta t io n ,  s u m m a r is a t io n  
a n d  c la s s if ic a t io n  o f  d ig i t a l  v id e o s  b a s e d  o n  th e  c o n c e p t  o f  c o m p u ta b le  s c e n e : a u d io ­
v is u a l s e g m e n t  th a t  e x h ib it s  lo n g - t e r m  c o n s is t e n c y  w i t h  r e g a r d  t o  s e v e r a l a u d io - v is u a l 
fe a tu re s .
T h e  p r e v io u s  m e th o d s  r e ly  o n  e x t r a c t in g  lo w - le v e l  fe a tu r e s  f r o m  th e  v is u a l,  t e x tu a l  a n d  
a u d it o r y  s tre a m s . H ig h - le v e l  d e c is io n -m a k in g  w o u ld  th e n  b e  b a s e d  o n  th e s e  fe a tu re s .  
P e t k o v ic  e t  a l [69, 70] p r o p o s e d  a  la y e r e d  v id e o  d a t a  m o d e l  f o r  m a p p in g  r a w  v id e o  d a t a  
t o  c o n c e p ts  a n d  s e m a n tic s . T h e  p r o p o s e d  m o d e l  h as fo u r  la y e rs : t h e  r a w  v id e o  d a t a  
la y e r ,  th e  fe a tu r e  la y e r ,  t h e  o b je c t  la y e r  a n d  th e  e v e n t  la y e r .  T h e  fu n c t io n a l i t y  o f  th e  
fe a tu r e  la y e r  is  t o  a u to m a t ic a l ly  e x t r a c t  d o m a in  in d e p e n d e n t  lo w - le v e l  fe a tu re s . T h e  
O b je c t  la y e r  c o n s is ts  o f  e n t it ie s  r e p r e s e n t in g  r e a l-w o r ld  o b je c t s  (e .g .  c a r ) .  T h e  e v e n t  
la y e rs  d e s c r ib e s  o b je c t  in te r a c t io n .  I n  N a p h a d e  e t  a l. [62], a  th r e e - le v e l  a p p ro a c h  is 
a ls o  e m p lo y e d .  T h e  in t e r m e d ia t e - le v e l  s ta g e  (w h ic h  g e n e ra te s  d a ta  s tru c tu re s  c a lle d  
“ m u lt i je c t s ’j  e x p lo it s  t e m p o r a l  c o n t e x t  b y  th e  u se  o f  a  d e v e lo p m e n t  o f  h id d e n  M a r k o v
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m o d e ls .  A ls o  th e y  e x p re s s  th e  o u tp u t  o f  th is  s ta g e  in  a  p r o b a b i l is t ic  sen se, a lth o u g h  
a  h a rd  d e c is io n  is  m a d e  a b o u t  th e  p r e s e n c e  o r  o th e r w is e  o f  t h e  m u lt i je c t s .  T h is  te c h ­
n iq u e  is  d e v e lo p e d  in  N a p h a d e  a n d  H u a n g  [63 ]. H e r e  th e  a u th o rs  u se  s p a t io - t e m p o r a l  
s e g m e n ta t io n  t o  id e n t i fy  r e g io n s  o f  c o n s is te n t  fe a tu r e s . In  th e  f in a l  s ta g e  t h e y  use a  
B a y e s ia n  n e tw o rk  t o  g e n e r a te  h ig h e r - le v e l  s e m a n t ic  a n n o ta t io n  f r o m  th e  m u lt i je c t s .
2.4.3.1 MPEG-7
A s  w e  h a v e  s een  in  th e  p r e v io u s  s e c t io n ,  t h e  s u b je c t  o f  s e m a n t ic  a n a ly s is  o f  m u lt im e d ia  
c o n te n t  h as  b e e n  th e  fo c u s  o f  m u ch  re se a rch . A s  a  r e s u lt ,  m a n y  w a y s  t o  d e s c r ib e  th is  
c o n te n t  a r e  in  use t o d a y  in  m a n y  d ig i t a l  m u lt im e d ia  a s s e t m a n a g e m e n t  s y s te m s . H o w ­
e v e r ,  th e r e  a re  in t e r o p e r a b i l i t y  issu es  th a t  n e e d  a d d re s s in g  t o  a l lo w  c o n te n t  e x c h a n g e  
b e tw e e n  th e s e  d if fe r e n t  r e p o s ito r ie s .  T h e  M o v in g  P ic t u r e  E x p e r t s  G r o u p  ( M P E G )  d e ­
v e lo p e d  a n  I S O / I E C  s ta n d a rd  c a l le d  th e  M u l t im e d ia  C o n te n t  D e s c r ip t io n  In te r fa c e  
(p o p u la r ly  k n o w n  as M P E G - 7  [5 4 ]) t o  a d d re s s  th e  issu e  o f  d e s c r ib in g  v a r io u s  t y p e s  o f  
m u lt im e d ia  in fo r m a t io n  in  a  s ta n d a rd  w a y . T h e  s ta n d a rd  fo c u s e s  o n  th e  r e p r e s e n ta ­
t io n  o f  d e s c r ip t io n s  a n d  th e ir  e n c o d in g  a n d  d o e s  n o t  a d d re s s  e x t r a c t io n  m e th o d o lo g ie s .  
T h u s ,  th e  s ta n d a rd  w i l l  a c c o m m o d a te  a n y  a d v a n c e m e n t  in  fe a tu r e  e x t r a c t io n .  M P E G - 7  
p r o v id e s  a  s e t  o f  t o o ls  t o  a c h ie v e  th is  o b je c t iv e s :
Descriptor (D) : is  a  r e p r e s e n ta t io n  o f  a  fe a tu r e .  I t  d e f in e s  th e  s y n ta x  a n d  th e  
s e m a n tic s  o f  th e  r e p r e s e n ta t io n .
Description scheme (DS) : s p e c if ie s  th e  s t ru c tu r e  a n d  s e m a n tic s  o f  t h e  r e la t io n ­
sh ip s  b e tw e e n  its  c o m p o n e n ts  w h ic h  c a n  b e  b o t h  d e s c r ip to r s  a n d  d e s c r ip t io n  
sch em es .
Description Definition Language (DDL) : is  a  la n g u a g e  th a t  e n a b le s  th e  d e f in i­
t io n  o f  n e w  d e s c r ip t io n  s ch em es  a n d  d e s c r ip to r s .  I t  is a ls o  u sed  t o  a l lo w  fo r  th e  
e x t e n s io n  a n d  m o d i f ic a t io n  o f  e x is t in g  d e f in it io n s .
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2.5 Sport videos analysis, summarisation and retrieval
O n e  v i t a l  t a s k  f o r  a u to m a t ic  v id e o  a n n o ta t io n  a n d  m e ta - d a ta  g e n e r a t io n  is t o  a c q u ir e  a  
p r io r i  k n o w le d g e  a b o u t  th e  d o m a in  o f  th e  v id e o .  B u i ld in g  r o b u s t  k n o w le d g e  m o d e ls  is 
v e r y  a p p r o p r ia t e  a n d  c a n  b e  u s e d  e f f e c t iv e ly  t o  in d e x  th e  v id e o  a t  a  m u ch  h ig h e r  le v e l.  
T h is  ta s k  c a n  b e  d i f f ic u lt  f o r  s o m e  d o m a in s  t h a t  h a v e  n o  c o n s tra in s  (e .g .  n e w s ).  M o s t  
s p o r t in g  e v e n ts  h a v e  a  w e l l - d e f in e d  c o n te n t  s t ru c tu r e  a n d  o f f ic ia l  ru le s  a n d  p ro c e d u re s  
c o m p a r e d  t o  v id e o s  f r o m  o th e r  d o m a in s . M o r e o v e r ,  s p o r ts  v id e o s  r e p r e s e n t  a n  im p o r ­
t a n t  a p p l ic a t io n  d u e  th e  la r g e  a u d ie n c e  o f  s p o r t  e v e n ts  b ro a d c a s ts .  M a n y  e v e n ts  a re  
t a k in g  p a la c e  o n  a  d a i ly  b as is . A s  a  r e s u lt ,  a  v a s t  a m o u n t o f  s p o r ts  f o o t a g e  is b e in g  
r e c o rd e d  a n d  s to r e d .  T h is  t r ig g e r e d  m u ch  re s e a r c h  in  th e  f ie ld  o f  m u lt im e d ia  a n a ly s is  
a n d  r e t r ie v a l  t o  t a r g e t  t h e  d o m a in  o f  s p o r t  v id e o s .  In  th is  s e c t io n  w e  f ir s t  a d d re s s  
s o m e  im p o r ta n t  p r o p e r t ie s  o f  s p o r t  v id e o s  th a t  c a n  b e  o f  g r e a t  h e lp  w h e n  d e s ig n in g  an  
a n a ly s is  s y s te m . W e  o v e r v ie w  s o m e  a p p ro a c h e s  a n d  m e th o d s  t a i lo r e d  t o  th e  d o m a in  o f  
s p o r t  v id e o s .
I t  is im p o r ta n t  t o  m a k e  a v a ila b le  t o  th e  a n a ly s is  m o d u le  as m u ch  in fo r m a t io n  as  p o s s ib le  
a b o u t  th e  s p o r t  d is c ip lin e s  in  te rm s  o f  c h a ra c te r is t ic  o b je c ts ,  t e m p o r a l  s t ru c tu r e  o f  th e  
s p o r t  as a  w h o le  a n d  th e  e v e n ts  t h a t  m ig h t  ta k e  p la c e ,  as w e l l  as ru le s  a n d  o th e r  h ig h  
le v e l  in fo r m a t io n .  T h is  k n o w le d g e  c a n  b e  g r o u p e d  in to  th r e e  m a in  c a te g o r ie s  [26]:
Semantic Knowledge T h e  in fo r m a t io n  e n c a p s u la te d  in  th is  k n o w le d g e  is in d e p e n ­
d e n t o f  h o w  th e  s p o r t in g  e v e n ts  a r e  c a p tu r e d .  I t  is r e la t e d  m o r e  t o  h o w  h u m a n  
p e r c e iv e  (o r  h o w  th e y  d e f in e )  a n y  s p o r t .  In fo r m a t io n  a b o u t  c h a ra c te r is t ic  o b je c ts ,  
th e  in te r a c t io n  b e tw e e n  th e  o b je c t s ,  t e m p o r a l  s t ru c tu re ,  ru le s  a n d  o th e r  h ig h - le v e l  
in fo r m a t io n  a b o u t  t h e  s p o r t in g  e v e n t  is  r e c o rd e d .  T h e  k n o w le d g e  in  th is  c a te ­
g o r y  c a n  b e  r e p r e s e n te d  u s in g  s e m a n t ic  n e tw o rk s . S e m a n t ic  n e tw o rk s  c o n s is t  o f  
n o d e s  a n d  lin k s . N o d e s  u s u a lly  r e p r e s e n t  o b je c ts ,  c o n c e p ts ,  o r  s itu a t io n s  w i t h in  
a  s p e c if ic  d o m a in .  L in k s  r e p r e s e n t  r e la t io n s  b e tw e e n  n o d e s .
Physical Knowledge T h is  is a  r e c o r d  o f  t h e  p h y s ic a l e n v ir o n m e n t  w h e r e  th e  s p o r t in g  
e v e n t  is t a k in g  p la c e .  Is su es  su ch  as th e  t y p e  o f  s u r fa c e  u sed  a n d  th e  s p o r ts  
w e a r  u sed  b y  p la y e r s  a n d  u m p ir e s  a r e  r e c o rd e d .  M o s t  to u rn a m e n ts  h a v e  ru les  t o
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g o v e r n  th e s e  issu es. In  W im b le d o n  fo r  e x a m p le ,  t h e  s u r fa c e  o f  th e  te n n is  c o u r t  
is g ra ss . T h e  c o s tu m e  o f  t h e  p la y e rs  m u s t h a v e  a  c e r t a in  p e r c e n ta g e  o f  w h i t e  
c o lo u r .  U m p ir e s  h a v e  an  o f f ic ia l  c o s tu m e  as w e ll .  I t  is  o n e  o f  t h e  p o l ic ie s  o f  th e  
t o u rn a m e n t  n o t  t o  s h o w  a d v e r t s  o r  lo g o s  o th e r  th a n  th e  W im b le d o n  o n e  in  th e  
te n n is  a ren a .
C i n e m a t i c  K n o w l e d g e  T h is  c o n ta in s  in fo r m a t io n  a b o u t  h o w  th e  s p o r t in g  e v e n t  is 
f i lm e d  a n d  p r o d u c e d .  T h e  p r o d u c t io n  te c h n iq u e s  a r e  c a r e fu l ly  d e s ig n e d  t o  h e lp  
v ie w e r s  t o  fo l lo w  th e  s p o r t in g  e v e n ts  in  a n  e n t e r ta in in g  a n d  in fo r m e d  m a n n e r .  I f  
w e  lo o k  a t  a  te n n is  v id e o  as a n  e x a m p le ,  f o r  s o m e  e v e n ts  (e .g .  p o in t )  th e r e  is  a  
p r e -p o s it io n e d  c a m e ra  s e tu p  t o  c a p tu r e  th e m . S h o t  t r a n s it io n s  a r e  u sed  t o  d e l iv e r  
a  c e r t a in  m e s s a g e  t o  th e  v ie w e r s .  F o r  e x a m p le ,  w ip e  a n d  d is s o lv e  t r a n s it io n s  a r e  
u sed , a lo n g s id e  w i t h  s lo w  m o t io n ,  s o m e t im e s  b e fo r e  a n d  a f t e r  a  r e p la y  s h o t ,  t o  
in fo r m  th e  u sers  o f  t h e  b e g in n in g  a n d  th e  e n d  o f  t h e  r e p la y . A b r u p t  c u t  is  u sed  
w h e n  s w it c h in g  b e tw e e n  c a m e ra s  w h i le  th e  s ta tu s  o f  th e  g a m e  is  in  th e  p la y  m o d e .
F ig u r e  2 .2  i l lu s t r a te s  th e s e  t y p e s  o f  k n o w le d g e  in  te rm s  o f  a  s e m a n t ic  n e tw o r k  th a t  
r e p r e s e n ts  th e  te n n is  d o m a in .
2.5.1 Properties o f sport videos
A  s p o r t  c a n  b e  d e f in e d  as a  s e t  o f  o n e  o r  m o r e  fu n d a m e n ta l  s e m a n t ic  e v e n ts .  E a c h  e v e n t  
d e s c r ib e s  o b je c t  in te ra c t io n s  in  th e  s p a t io - t e m p o r a l  m a n n e r  [70] . T h e  e v e n t  l i f e  c y c le  
is c h a ra c te r is e d  b y  a  s t a r t in g  s ta g e ,  a n  a c t io n  a n d  a  t e r m in a l  s ta g e . T h e  a c t io n  s ta g e  
c a n  b e  s k ip p e d  d e p e n d in g  o n  th e  s ta tu s  o f  th e  s t a r t in g  s ta g e . T h e  p la y  is s u s p e n d e d  a t  
th e  e n d  o f  e a c h  e v e n t .  T h e  r e p e t i t io n  o f  th e s e  e v e n ts  in  s o m e  o r d e r  d e f in e s  h ig h e r - le v e l  
e v e n ts  a n d  fo r m s  th e  s t ru c tu r e  o f  th e  s p o r t .  T h is  s t ru c tu r e  is  i l lu s t r a te d  in  F ig u r e  2 .3 . 
T h e  ru le s  t h a t  g o v e r n  h o w  th e s e  e v e n ts  a re  p la y e d  a n d  th e  fa c t  t h a t  m o s t  s p o r t in g  
e v e n ts  ta k e  p la c e  in  o n e  lo c a t io n  c a n  s e r v e  as a  g o o d  cu e . I n  m o s t  s p o r ts  o n ly  a  l im it e d  
n u m b e r  o f  c a m e ra s , m o s t  a t  f ix e d  p o s it io n s ,  a r e  n e e d e d  t o  c o v e r  t h e  p la y  a r e a  a n d  
c a p tu r e  th e  e v e n t .  T h e  c a m e ra  th a t  b e s t  c a p tu r e s  th e  e v e n t  ta k in g  p la c e  a t  a  c e r ta in  
t im e  is  s e le c te d  f o r  b r o a d c a s t in g .  T h e r e fo r e ,  a  s e t  o f  c h a ra c te r is t ic  v ie w s  r e c o r d e d  b y
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Grass
F ig u r e  2 .2 : T h e  s e m a n t ic  n e tw o r k  r e p r e s e n t in g  T e n n is . C o n c e p t s , c h a ra c te r is t ic  o b ­
je c t s ,  te m p o ra l  e v e n t s  a re r e p r e s e n te d  as n o d es . R e la t io n s h ip  b e tw ee n  n o d e s  a re  r e p ­
r e s e n te d  as links. C in e m a t i c  k n o w le d g e  a n d  p h y s ica l k n o w le d g e  a re r e p r e s e n te d  as a t­
t r ib u te s  to  n od es .
th o s e  c a m e ra s  c a n  b e  d e f in e d  a n d  a s s o c ia te d  w i t h  th e  e v e n ts .  F ig u r e  2 .4  sh o w s  e x a m p le  
o f  c h a ra c te r is t ic  v ie w s  th a t  a r e  s h a re d  a m o n g  th r e e  s p o r t  d is c ip lin e s ,  ru g b y , te n n is  a n d  
s w im m in g .  P r o d u c e r s  t e n d  t o  c h o o s e  c a r e fu l ly  th e  f r a m in g  t y p e  t o  r e c o r d  an  e v e n t .  
F o r  e x a m p le ,  d u r in g  th e  p la y ,  t h e y  t e n d  t o  c h o o s e  b e tw e e n  g lo b a l  v ie w s  a n d  lo n g  v ie w s  
in  o r d e r  t o  k e e p  th e  a u d ie n c e  in fo r m e d  o f  th e  s ta tu s  o f  t h e  g a m e . B e tw e e n  th e  e n d  
o f  o n e  e v e n t  a n d  th e  s ta r t  o f  th e  f o l lo w in g  o n e , w h e n  th e  p la y  is  s u s p e n d e d , o th e r  
e v e n ts  t h a t  c a n  e i th e r  b e  r e la t e d  t o  t h e  s p o r t  (r e p la y ,  c lo s e -u p s ) o r  h a v e  n o th in g  t o  
d o  w i t h  i t  (c r o w d ,  c o m m e r c ia ls )  a r e  b r o a d c a s t .  T h e  r e p e t i t io n  o f  th e s e  c h a ra c te r is t ic  
v ie w s  a r e  d e p e n d e n t  o n  th e  s p o r t in g  e v e n ts .  F o r  e x a m p le  te n n is  v id e o  c a n  b e  v ie w e d  
as a  r e p e t i t io n  o f  o n e  c o m m o n  p a t t e r n  o f  s h o t  ty p e s :  g lo b a l  v ie w s  t o  c a p tu r e  th e  p o in t  
e v e n t  a n d  c lo s e -u p s , c r o w d  v ie w s  f o r  o th e r  e v e n ts .
F ig u r e  2 .5  sh o w s  d i f fe r e n t  t y p e s  o f  c r o w d  v ie w s .  C r o w d  v ie w s  o c c u r  f r e q u e n t ly  in  s p o r t
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F ig u r e  2 .3 : S tru c tu r e  o f  s p o r t  v id e o . A  s p o r t  ca n  be d e fin ed  as a s e t  o f  o n e  o r  m o r e  
fu n d a m e n ta l  s e m a n t ic  e v e n ts . E v e n t s  can  be d iv id e d  in t o  tw o  g ro u p s : o n e s  th a t are  
re la ted  to  th e  a c tu a l p la y  (m o r e  s ig n if ic a n t  to  th e  task  o f  sp o r t  v id e o  a n a ly s is ),  a n d  o n e s  
th a t n o r m a l ly  o c cu rs  w h e n  the p la y  is  su sp en d ed .
v id e o s .  C r o w d  s h o ts  a r e  u s u a lly  u sed  w h e n  th e r e  is a  b r e a k  in  th e  g a m e  (e .g .  a f t e r  a  
g o a l  in  a  f o o t b a l l  m a tc h )  t o  k e e p  th e  T V  a u d ie n c e  in fo r m e d  o f  th e  g e n e ra l  m o d e  in  th e  
s ta d iu m . T h e  t y p e  o f  f r a m in g  is  u sed  t o  d e l iv e r  a  c e r t a in  in fo r m a t io n .  F o r  e x a m p le  
c lo s e -u p  v ie w s  o f  a  s p e c t a t o r  a r e  u s u a lly  u sed  t o  s h o w  a  c e le b r i t y  a t t e n d in g  th e  s p o r t in g  
e v e n t.
F ig u r e  2 .6  s h o w s  th r e e  v ie w s  th a t  a r e  c h a ra c te r is t ic  o f  th e  th r e e  d i f fe r e n t  s p o r ts .  S c r u m  
is  a  s h o t  t h a t  c a n  o n ly  o c c u r  in  ru g b y . D e t e c t in g  th is  e v e n t  c a n  s e r v e  as a  s t r o n g  c u e  t o  
d is c r im in a t e  b e tw e e n  r u g b y  a n d  fo o t b a l l .  B a l l  c lo s e -u p  is w id e ly  u sed  in  te n n is  m a tc h e s  
in  r e p la y s  t o  s h o w  a  w in n e r  o r  a  d is p u te d  c a ll.  T h e  s ta r t  p o s i t io n  in  s w im m in g  is  a  
u se fu l cu e  i f  i t  w a s  c o r r e c t ly  d e t e c te d .
2.5.2 Review of existing systems
M a n y  a lg o r i th m s  a n d  fr a m e w o rk s  h a v e  b e e n  p r o p o s e d  fo r  th e  a n a ly s is ,  in d e x in g  a n d  
r e t r ie v a l  o f  s p o r t s  v id e o s .  In  th is  s e c t io n  w e  o v e r v ie w  a  n u m b e r  o f  th e s e  a lg o r ith m s .
I n  [2 4 ], G o n g  e t  a l. p r o p o s e d  a  s y s t e m  th a t  c la s s if ie s  a  s e q u e n c e  o f  f o o t b a l l  fr a m e s  in to
- Break -
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Rugby Tennis Swimming
(C) Wide Views.
(D) Medium Views.
(E) Midium Close-up Views.
(F) Close-up Views.
F ig u r e  2.4 : D i f f e r e n t  type  o f  v ie w s . P r o d u c e r s  se le c t  the v ie w  that best ca p tu re s  the  
e v e n t  tak in g  p la c e  at a g i v e n  t im e  f o r  broa d ca stin g .
v a r io u s  p la y  c a te g o r ie s  b a s ed  o n  a  p r io r i  m o d e ls .  T h e i r  s y s te m  c o n s is ts  o f  tw o  m a in  
ta sk s . T h e  f ir s t  is a  t e m p o r a l  s e g m e n ta t io n  s ta g e  t o  p a r t i t io n  th e  v id e o  t o  c a m e ra  sh o ts . 
T h e  s e c o n d  s ta g e  is c o n c e rn e d  w i t h  th e  c la s s if ic a t io n  o f  th e s e  s h o ts  u s in g  an  a  p r io r i  
m o d e l  c o m p r is in g  fo u r  m a jo r  c o m p o n e n ts :  a  f o o t b a l l  a ren a , a  b a ll,  t h e  p la y e r  a n d  th e
28 Chapter 2. Video Summarisation and Retrieval
Global View Wide View
Mid View Medium Close-up Close-up
F ig u r e  2 .5 : D i f f e r e n t  type  o f  c ro w d  sh o ts . C r o w d  sh o ts  a re u su a lly  s h o w n  w h e n  th ere  is  
a break  in  the g a m e .
Rugby Tennis
Scrum Ball Close-up Start
F ig u r e  2 .6 : E x a m p le s  o f  sh o t  that a re c h a ra c te r is t ic  o f  a  c e r ta in  sp ort. 
m o t io n  v e c to r s .
X u  e t  a l. in  [91] p ro p o s e d  an  a lg o r i th m  fo r  a n a ly s in g  f o o t b a l l  v id e o s .  T h e  f ir s t  s te p  in  
th e ir  a lg o r i th m  is t o  c la s s ify  k e y  fr a m e s  in to  th r e e  k in d s  o f  v ie w s  (g lo b a l  v ie w s ,  z o o m - in  
a n d  c lo s e -u p s ) u s in g  d o m a in -s p e c if ic  fe a tu re s . In  th e  s e c o n d  s te p , h e u r is t ic  ru le s  a re  
u sed  t o  d e f in e  p la y / b r e a k  s e g m e n ts  in  th e  f o o t b a l l  v id e o  u s in g  th e  fe a tu r e s  e x t r a c te d .
Z h o n g  e t  a l. in  [93] p r o p o s e d  a  s t ru c tu r e  a n a ly s is  fr a m e w o r k  fo r  s p o r t s  v id e o s  u s in g  
d o m a in  m o d e ls  a n d  s u p e rv is e d  le a rn in g . T h e y  u sed  s u p e rv is e d  le a rn in g  a n d  d o m a in -  
s p e c if ic  ru le s  t o  d e t e c t  c h a ra c te r is t ic  v ie w s .  T h e  d e t e c te d  v ie w s  a r e  fu r th e r  v e r i f ie d  
u s in g  o b je c t - le v e l  fe a tu re s .
L i  e t  a l. [48] p r o p o s e d  a lg o r ith m s  fo r  a u to m a t ic a l ly  d e t e c t in g  a ll s e g m e n ts  c o n ta in in g  
in te r e s t in g  e v e n ts  o f  a  p a r t ic u la r  g a m e . T h e i r  m e th o d  uses tw o  t y p e  o f  k n o w le d g e  t o  a id  
th e  p ro c e s s  o f  e x t r a c t in g  s e m a n tic s  f r o m  th e  v id e o :  d o m a in  k n o w le d g e  a n d  p r o d u c t io n  
k n o w le d g e .
C h a n g  e t  a l. [6] a d d re s s e d  d e t e c t in g  h ig h lig h ts  in  a  b a s e b a ll  g a m e  v id e o .  T h e y  t o o k
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a d v a n ta g e  o f  th e  o b s e r v a t io n ,  d u e  t o  t h e  c a m e ra s ’ s e tu p  a n d  in s ta l la t io n ,  t h a t  b a s e b a ll 
h ig h l ig h ts  a r e  c o m p o s e d  o f  s e v e n  t y p e s  o f  s ce n e  sh o ts . T h e y  u sed  fe a tu r e s  e x t r a c t e d  
f r o m  th e  v is u a l  c o n te n t  o f  t h e  v id e o  t o  c la s s ify  s h o ts  in to  o n e  o f  th e s e  s cen e  sh o ts . T h e y  
b u i l t  a n  H M M  m o d e l  f o r  e a ch  h ig h l ig h t  t h e y  w a n t  t o  d e te c t .
In  [37 ], K i j a k  e t  a l. in t r o d u c e  a n  H M M - b a s e d  m e th o d  fo r  a u to m a t ic  c la s s if ic a t io n  
a n d  s e g m e n ta t io n  o f  t e n n is  v id e o s .  I n  th is  m e th o d ,  th e  v id e o  s t r e a m  is  a u to m a t ic a l ly  
s e g m e n te d  in to  s h o ts  b y  d e t e c t in g  c u ts  a n d  d is s o lv e  t r a n s it io n s .  O n e  k e y  f r a m e  is  
e x t r a c t e d  fo r  e a c h  s h o t  a n d  im a g e  fe a tu r e s  (c o lo u r  a n d  m o t io n ,  in te n s it y )  a r e  c o m p u te d .  
A u d io  c la sses  su ch  as  b a l l  h it ,  a p p la u s e  a r e  a ls o  e x t r a c te d .  H M M  w a s  u sed  t o  fu se  
a u d io - v is u a l fe a tu r e s .  T h e  m e th o d  la b e ls  e a c h  s e g m e n t  o f  a  te n n is  v id e o  w i t h  o n e  o f  
t h e  fo l lo w in g  la b e ls :  f i r s t  m is s e d  s e rv e ,  ra l ly ,  re p la y ,  a n d  b re a k . In  th e ir  w o rk ,  H M M  
w a s  a ls o  u sed  t o  m o d e l  th e  h ie r a r c h ic a l s t ru c tu r e  o f  a  te n n is  m a tc h  t a k in g  in to  a c c o u n t 
th e  d o m a in  k n o w le d g e .
E k in  e t  a l [15] p r o p o s e d  a  r e a l - t im e  p r o b a b i l is t ic  e v e n t  d e t e c t io n  m e th o d  fo r  b r o a d c a s t  
s p o r t  v id e o  u s in g  fe a tu r e s  b a s e d  o n  c in e m a t ic  p r o p e r t ie s .  T h e s e  fe a tu r e s  a re  th e n  u sed  
t o  d e t e c t  in te r e s t in g  e v e n ts  u s in g  p r o b a b i l is t ic  m o d e ls .
2.6 Conclusion
I n  th is  c h a p te r  w e  lo o k e d  a t  s o m e  issu es  r e la t e d  t o  th e  p r o b le m  o f  a u to m a t ic  a n a ly s is  
a n d  s u m m a r is a t io n  o f  s p o r t  v id e o s .  W e  r e v ie w e d  s o m e  e x is t in g  m e th o d s  r e p o r t e d  in  th e  
l i t e r a tu r e  t h a t  a d d re s s e d  v id e o  a n a ly s is  a n d  s u m m a r is a t io n . W e  th e n  lo o k e d  a t  s o m e  
c h a ra c te r is t ic  p r o p e r t ie s  o f  s p o r t  v id e o s  a n d  v ie w e d  a  n u m b e r  o f  m e th o d s  t h a t  t a r g e t e d  
th is  d o m a in .  I n  th e  n e x t  fo u r  c h a p te r s  w e  d e s c r ib e  a  h ie r a r c h ic a l d e c is io n  m a k in g  
s y s te m  t o  d e a l w i t h  th e  p r o b le m  o f  v id e o  a n a ly s is  a n d  s u m m a r is a t io n .  T h e  s y s te m  
is  t a i lo r e d  t o  th e  d o m a in  o f  s p o r t  v id e o s .  In  c o n t ra s t  w i t h  o th e r  e x is t in g  s y s te m s , 
th e  p r o p o s e d  o n e  re lie s  u p o n  th e  c o n c e p t  o f  “ cu es ”  w h ic h  a t ta c h  s e m a n t ic  m e a n in g  
t o  lo w - le v e l  fe a tu r e s  c o m p u te d  o n  th e  v id e o .  C u es  o f fe r  a  h ig h e r  le v e l  r e p r e s e n ta t io n  
w h ic h  is  a p p l ic a t io n -d o m a in  s p e c if ic .  M o s t  im p o r ta n t ly ,  t h e y  t r a n s fo r m  d iv e r s e  in p u t  
d a ta  s tru c tu re s  in to  a  s ta n d a rd  fo r m  w h ic h  fa c i l i t a t e s  th e  d e c is io n  m a k in g  p ro c e s s  a n d  
p r o m o te s  m o d u la r i t y  ( i .e .  e x p lo i t in g  a d d it io n a l  c u e s ).
C h a p t e r  2. V i d e o  S u m m a r is a t io n  a n d  R e t r ie v a l
Chapter 3
H i e r a r c h i c a l  D e c i s i o n  M a k i n g  : 
A n  O v e r v i e w
3.1 Introduction
I n  th is  c h a p te r  w e  p r o v id e  a  b r o a d  o v e r v ie w  o f  th e  p r o p o s e d  h ie r a r c h ic a l d e c is io n  m a k in g  
s y s t e m  fo r  s p o r t  v id e o  a n a ly s is  a n d  s u m m a r is a t io n .  T h e  a im  is t o  p r o v id e  th e  r e a d e r  
w i t h  a  w id e r  p ic tu r e  a b o u t  h o w  th e  d e c is io n  m a k in g  is  d o n e , in t r o d u c e  th e  s y s te m  
c o m p o n e n ts  a n d  d iscu ss  th e  m o t iv a t io n  fo r  it ;  b e fo r e  d is c u s s in g  it s  te c h n ic a l  d e ta i ls  in  
th e  n e x t  th r e e  c h a p te r s .  A n  o v e r v ie w  o f  th e  s y s te m  is  g iv e n  in  S e c t io n  3 .2  s h o w in g  
th e  in t e r a c t io n  b e tw e e n  its  d i f fe r e n t  s ta g e s . W e  d iscu ss  p r e p r o c e s s in g  th e  r a w  v id e o  
d a ta ,  S ta g e  1, in  S e c t io n  3 .3 . T h e  p r e p r o c e s s in g  s ta g e  in c lu d e s : ( a )  t h e  t e m p o r a l  
s e g m e n ta t io n  o f  t h e  r a w  v id e o  in t o  s h o ts , w h ic h  a r e  th e  e le m e n ta r y  t e m p o r a l  u n its  
in  t h e  s y s te m , a n d  ( b )  th e  d e s c r ip t io n  o f  s h o ts  in  te rm s  o f  C u e s .  S h o t  c la s s if ic a t io n , 
S ta g e  2, is a d d re s s e d  in  S e c t io n  3.4 . I n  S e c t io n  3 .5  w e  in t r o d u c e  S ta g e  3 o f  th e  s y s te m  
d e s ig n e d  t o  r e d u c e  th e  m is c la s s if ic a t io n  o f  s h o ts  a n d  g r o u p  sh o ts , u s in g  c o n t e x t .  W e  
c o n c lu d e  th is  C h a p te r  in  S e c t io n  3.6 .
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3.2 System overview
S p o r t s  v id e o  a n a ly s is  is c o n c e rn e d  w i t h  th e  d e t e c t io n  o f  in te r e s t in g  s e m a n tic s  b y  m a n ­
a g in g  d if fe r e n t  p ie c e s  o f  e v id e n c e ,  c h a ra c te r is t ic  o f  c e r t a in  c a te g o r ie s  o f  s p o r ts  t h a t  a re  
e x t r a c t e d  f r o m  th e  r a w  d a ta .  In  th is  th e s is  w e  p r o p o s e  a  s y s te m  th a t  p e r fo r m s  th is  
a n a ly s is  u s in g  a  h ie r a r c h ic a l a r c h ite c tu r e .  T h e  p r o p o s e d  s y s te m  is  fo u n d e d  o n  th e  c o n ­
c e p t  o f  c u e s  [58 ]. A  c u e  is  a n  a u d io -v is u a l e v e n t ,  i.e . s o m e th in g  h a p p e n in g ,  o r  th e  
a p p e a ra n c e  o f  a n  o b je c t ,  a t  a  p a r t ic u la r  t im e  a n d  s p a t ia l  lo c a t io n  in  th e  s cen e  th a t  h as  
b e e n  r e c o rd e d .  E x a m p le s  o f  cu es  c o u ld  b e : g ra ss , s w im m in g  p o o l  la n es , b o x in g  r in g  
ro p es . T h is  c o n tra s ts  w i t h  t y p ic a l  fe a tu r e  d e t e c t o r  o u tp u ts :  t e x tu r e ,  c o lo u r  h is to g ra m s , 
p e r io d ic  m o t io n ,  g lo b a l  m o t io n ,  a l l  o f  w h ic h  a r e  u s e d  as  in p u ts  t o  th e  c u e  e x t r a c t io n  
p ro ce ss e s .
T h e  p r o p o s e d  s y s te m  (F ig u r e  3 .1 ) h as  th r e e  m a in  s ta g e s . E a c h  s ta g e  fu n c t io n s  in d e ­
p e n d e n t ly  f r o m  th e  o th e rs .  T h e  d e c is io n  m a d e  a t  e a c h  s ta g e  is  u s ed  b y  th e  n e x t  s ta g e  
in  th e  h ie r a r c h y  t o  r e a c h  h ig h e r  le v e l  d e c is io n s . I n  th e  f ir s t  s ta g e ,  th e  d e c is io n  is  m a d e  
r e g a r d in g  th e  p re s e n c e  o f  c h a ra c te r is t ic  o b je c t s  o r  c o n c e p ts  in  s h o ts  a n d  it s  k e y  fra m e s  
(i .e .  d e s c r ib in g  th e m  in  te rm s  o f  c u e s ).  T h e  s e c o n d  s ta g e  c o m b in e s  cu es  e x t r a c t e d  f r o m  
e a ch  s h o t  t o  r e c o v e r  th e  t y p e  o f  th is  s h o t . I t  m a k es  a  d e c is io n  a b o u t  t h e  s h o t ’s la b e l  
u s in g  its  cu e  a n n o ta t io n .  T h e  d e c is io n  a t  th is  s ta g e  is n o t  h ig h ly  r e l ia b le  d u e  t o  e r ro rs  
in  cu e  e x t r a c t io n ,  in  t h e  c la s s if ic a t io n  a lg o r ith m , a n d  a ls o  d u e  t o  g e n u in e  a m b ig u ity  
(e .g .  gra ss  is  c o m p a t ib le  w i t h  s e v e r a l o u t d o o r  s p o r t s ) .  S ta g e  3 (d is c u s s e d  in  d e ta i le s  
in  C h a p te r  6 ) a d d res s es  th is  issu e  b y  t e m p o r a l  s m o o th in g  o f  t h e  d e c is io n s  g e n e ra te d  
b y  S ta g e  2. T h is  s ta g e  a ls o  g r o u p s  s h o ts  in to  s e g m e n ts  a n d  la b e ls  id e n t ic a l ly  a ll th e  
e le m e n ts  o f  e a c h  s e g m e n t .  T h e  g r o u p in g  is  n e c e s s a ry  t o  id e n t i f y  s e g m e n ts  th a t  h a v e  
s e m a n t ic  c o n t in u ity  [61 ]. T h e  g r o u p in g  is  d o n e  in  t e rm s  o f  th e  id e n t i t y  o f  s p o r t  ( t o  
h a n d le  m u lt id is c ip l in a r y  e v e n t )  a n d  in  te rm s  o f  p la y -b r e a k  s e g m e n ts  [48] w i t h in  a  s in g le  
s p o r t .  P la y  s e g m e n t  r e fe r s  t o  th o s e  s h o ts  t h a t  c a p tu r e  th e  a c tu a l p la y  (e .g .  p o in t  in  
te n n is )  w h i le  break  r e fe r s  t o  n o n -p la y  s e g m e n t  (e .g .  c r o w d  a n d  c lo s e u p  s c e n e s ).
T h e  g r a n u la r it y  o f  th e  g e n e r a te d  a n n o ta t io n  d a t a  b y  th e  s y s t e m  is  c o a rs e . G e n e r a t in g  
su ch  a n n o ta t io n  d a t a  m a y b e  a l l  t h a t  is  r e q u ir e d  in  m a n y  p r o b le m s  a d d re s s in g  s p o r t  
v id e o s .  F o r  e x a m p le ,  in  m u lt id is c ip l in a r y  e v e n ts  su ch  as O ly m p ic  g a m e s  a  c o a rs e  au -
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F ig u r e  3 .1 : A n  o v e r v ie w  o f  th e  h ie ra rc h ica l d e c is io n  m a k in g . T h e  s y s te m  has th ree  
stages . T h e  f i r s t  p e r f o r m  p r e p ro c e s s in g  o n  th e  v id e o  a n d  g e n e r a te  c u e  a n n o ta t io n . T h e  
s e c o n d  s ta g e  c o m b in e s  c u e s  to g e th e r  to  r e c o v e r  th e  typ e  o f  th e  e x a m in e d  sh o t. A  s e q u e n c e  
o f  g e n e ra te d  d e c is io n s  is  th e n  p ro c e s s e d  b y  th e  th ird  s ta g e  to  c o r r e c t  m is c la s s if ic a t io n , 
i f  a n y , a n d  p e r f o r m  sh o t  g ro u p in g .
t o m a t ic  a n n o ta t io n  in  t e r m s  o f  s p o r t  id e n t i t y  is  s u ff ic ie n t  fo r  n a v ig a t io n  o r  fo r  th e  
p r o d u c t io n  o f  e v e n t  s u m m a r ie s  fo r  n e w s  c a s t a n d  o th e r  a p p lic a t io n s .  O n  th e  o th e r  
h a n d , g e n e r a t in g  f in e r  a n n o ta t io n  in  t e rm s  o f  p la y / b r e a k  s e g m e n ts  in  a  s in g le  s p o r t  is  
n e c e s s a ry  t o  id e n t i f y  th o s e  s e g m e n ts  t h a t  m ig h t  in c lu d e  in te r e s t in g  e v e n ts  th a t  h a v e  a  
p a r t ic u la r  s ig n if ic a n c e  t o  e a c h  s p o r t .  In  b o t h  cases , th is  w o u ld  a id  fu r th e r  a n a ly s is ; th e  
in fo r m a t io n  g e n e r a te d  b y  th e  th r e e  s ta g e s  c a n  s e rv e  as th e  in p u t  f o r  s p e c ia l is e d  e v e n t
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d e t e c to r s  t o  e x t r a c t  s p o r t  s p e c if ic  e v e n ts  (e .g .  g o a ls  in  f o o t b a l l ) .
T o  g iv e  a  c le a r e r  id ea , F ig u r e  3 .2  g iv e s  a n  e x a m p le  s c e n a r io  o f  p ro c e s s in g  a  v id e o  
s e g m e n t r e p r e s e n t in g  T ra ck  E v e n t .
VIDEO
Visual Cues Visual Cues Visual Cues Visual Cues
_ dominant colour _ dominant colour _ dominant colour _ dominant colour
_ track _ track _ tennis court _ track- grass _ clay surface _ clay surface _ clay surface
_ crowd _ crowd _ crowd _ crowd
Stage2 Shot Classification
TrackEvent:: TrackEvent:: Tennis:: TrackEvent::
GlobalView LongView MidiumView LongView
Temporal Post-processing and Shot Grouping
TrackEvent:: TrackEvent:: Temusrf TrackEvent::
GlobalYiew LongView MidhirnView LongView
F ig u r e  3 .2 : E x a m p le  s c e n a r io  o f  c la s s ify in g  T ra ck  e v e n ts  sh ots.
3.3 Stage 1 : Preprocessing
T w o  im p o r ta n t  issues w h e n  d e a l in g  w it h  ra w  v id e o  d a t a  a r e  its  u n s tru c tu re d  n a tu re  
a n d  its  in t im id a t in g  s ize . T h is  s ta g e  is d e s ig n e d  t o  p e r fo r m  s o m e  p r e p r o c e s s in g  s te p s  
t o  a d d re s s  th e s e  tw o  issues. T h e  fu n c t io n a l i t y  o f  th is  s ta g e  is t o  t e m p o r a l ly  s e g m e n t  
th e  ra w  v id e o  d a ta  in to  s m a lle r  u n its  a n d  re a c h  a  s u ita b le  c o m p a c t  r e p r e s e n ta t io n  fo r  
th e s e  u n its  t h a t  c a n  b e  e a s i ly  u sed  a t  la t e r  s ta g es .
3 . 3 . 1  S h o t  d e t e c t i o n  a n d  k e y  f r a m e s  e x t r a c t i o n .
A  v id e o  p r o d u c t io n  Ls fo r m e d  b y  l in k in g  d if fe r e n t  v id e o  u n its  c a l le d  sh o ts . A  s h o t  is 
d e f in e d  as a  s in g le  c o n t in u o u s  c a m e ra  ta k e  a t  a  p h y s ic a l lo c a t io n  [7 ]. In  th e  d o m a in  o f  
s p o r t ,  th e  t y p e  o f  s h o t  a n d  th e  w a y  in  w h ic h  a n y  tw o  s h o ts  a r e  jo in e d  (i .e .  t r a n s i t io n )
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a re  p o w e r fu l  t o o ls  u sed  b y  p r o d u c e r s  t o  h e lp  th e  v ie w e r s  fo l lo w  th e  g a m e  ea s ily . S h o t  
d e t e c t io n  is  u s u a lly  th e  f ir s t  s te p  in  g e n e r ic  v id e o  p ro c e s s in g  [17]. D e t e c t in g  s h o ts  is  
im p o r ta n t  as t h e y  p r o v id e  th e  b a s is  f o r  c o n s t r u c t in g  a  v id e o  t a b le  o f  c o n te n t  a n d  th u s  
h e lp  in  m a k in g  r a w  v id e o s  a  s t r u c tu r e d  d o c u m e n t  [12]. T o  d e a l w i t h  th e  s iz e  issu e, a  
s e t o f  k e y  fr a m e s  c a n  b e  s e le c te d  t o  r e p r e s e n t  th e  sh o t . K e y  fr a m e s  a r e  d e f in e d  as th e  
v id e o  fr a m e s  w h ic h  c a n  c o n v e y  in fo r m a t io n  a b o u t  th e  im p o r ta n t  o c c u r r e n c e s  w i t h in  a  
s h o t  [61 ]. T h e  c o m p a c t  r e p r e s e n ta t io n  o f  s h o ts  u s in g  k e y  fra m e s  re d u c e s  s ig n i f ic a n t ly  
t h e  a m o u n t  o f  d a t a  t o  b e  a n a ly s e d .
3 . 3 . 2  C u e  d e t e c t i o n .
T h e  n e x t  s te p  a f t e r  s h o t  d e t e c t io n  a n d  k e y  fr a m e s  d e f in it io n ,  is  t o  d e t e c t  c h a ra c te r is t ic  
p r o p e r t ie s  t o  d e s c r ib e  t h e  s h o t .  I n  m u ch  o f  t h e  p r e v io u s  w o r k  in  a u to m a t ic  a n n o ta t io n  o f  
v id e o  m a te r ia l ,  th e  a n n o ta t io n  c o n s is te d  o f  th e  o u tp u t  o f  v a r io u s  fe a tu r e  d e t e c to r s  (e .g .  
M P E G - 7  d e s c r ip t o r s ) .  B y  it s e l f ,  th is  in fo r m a t io n  b e a rs  n o  s e m a n t ic  c o n n e c t io n  t o  th e  
a c tu a l s cen e  c o n te n t  —  i t  is  s im p ly  th e  o u tp u t  o f  s o m e  im a g e  p r o c e s s in g  a lg o r ith m . T h e  
c u e  d e t e c t io n  a p p ro a c h  [58] is  t a k in g  th e  p ro c e s s  o n e  s ta g e  fu r th e r .  I n  th is  a p p ro a c h ,  
th e  c o n n e c t io n  b e tw e e n  lo w - le v e l  im a g e  d a t a  o u tp u ts  a n d  th e  s e m a n t ic s  o f  th e  s ce n e  
c o n te n t  c a n  b e  d e f in e d  b y  m e a n s  o f  a  s e t  o f  t r a in in g  p ro ce ss e s . T h u s  fo r  e x a m p le  th e  
s y s t e m  c a n  b e  t r a in e d  t o  a s s o c ia te  t h e  o u tp u t  o f  a  t e x tu r e  fe a tu r e  d e t e c t o r  w i t h  c ro w d s  
o f  p e o p le  in  th e  scen e . T h is  m e c h a n is m  c a n  th e n  b e  u sed  t o  g e n e r a te  c o n f id e n c e  v a lu e s  
fo r  th e  p re s e n c e  o f  a  c ro w d  cu e  in  a  s ce n e , b a s e d  o n  th e  s c e n e  t e x tu r e .  C u e s  o f fe r  
a  h ig h e r  le v e l  r e p r e s e n ta t io n  w h ic h  is  a p p l ic a t io n  d o m a in  s p e c if ic .  M o s t  im p o r ta n t ly ,  
t h e y  t r a n s fo r m  d iv e r s e  in p u t  d a t a  s tru c tu re s  in t o  a  s ta n d a rd  fo r m  w h ic h  fa c i l i t a t e s  th e  
d e c is io n  m a k in g  p ro c e s s  a n d  p r o m o te s  m o d u la r i t y  (e .g .  e x p lo i t in g  a d d it io n a l  c u e s ).  I n  
C h a p te r  4  w e  d e s c r ib e  in  d e t a i l  t h e  f r a m e w o r k  th e  p ro c e s s  o f  cu e  e x t r a c t io n .  W e  a ls o  
d e s c r ib e  a  n u m b e r  o f  v is u a l  c u e  e x t r a c t io n  m e th o d s  u sed  in  o u r  w o rk .
3.4 Stage 2 : Shot classification.
T h e  in p u t  a v a ila b le  t o  th is  s ta g e  a r e  s h o ts  a n n o ta te te d  in  te rm s  o f  s e m a n t ic  v is u a l  cues. 
E a c h  cu e  g iv e s  in fo r m a t io n  a b o u t  t h e  p r e s e n c e  o f  a  c h a ra c te r is t ic  o b je c t  o r  e v e n t  in  a
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s h o t . T h is  d o e s  n o t  n e c e s s a ry  g iv e  in fo r m a t io n  a b o u t  th e  id e n t i t y  o f  t h a t  s h o t . F o r  
e x a m p le ,  gra ss  c o n c e p t  is p r e s e n t  in  m a n y  s p o r t  d is c ip lin e s .  T h e r e fo r e ,  th e  d e t e c t io n  
o f  su ch  cu e  c a n  s u p p o r t  m a n y  h y p o th e s is .  T h e r e  is  a  n e e d  t o  c o m b in e  v a r io u s  cu es  t o  
r e a c h  h ig h e r  le v e l  d e c is io n . T h e  a im  o f  th is  s ta g e  is  s h o t  c la s s if ic a t io n  in to  a  p r e d e f in e d  
s e t  o f  c a te g o r ie s  b y  c o m b in in g  v a r io u s  cu es. A s  in  a n y  c la s s if ic a t io n  p r o b le m ,  w e  n ee d  
f ir s t  t o  d e f in e  th e  c a te g o r ie s  o f  in te r e s t  ( i .e .  w h a t are th e  c la sses  ? )  a n d  s e c o n d ly ,  h o w  t o  
e s ta b lis h  th e  c o n n e c t io n s  b e tw e e n  th e s e  c la sses  a n d  t h e  s h o ts  u s in g  th e ir  c u e  a n n o ta t io n  
( i .e .  H o w  to  c la s s i fy ? ).
A s  i t  w a s  d is cu ssed  in  th e  p r e v io u s  c h a p te r ,  s p o r t in g  e v e n ts  ta k e  p la c e  in  o n e  lo c a t io n  
a n d  a  l im it e d  n u m b e r  o f  c a m e ra s , m o s t  a t  f ix e d  p o s it io n s ,  a re  n e e d e d  t o  c o v e r  th e  p la y  
a r e a  a n d  c a p tu r e  th e  e v e n t .  T h u s ,  s p o r t  v id e o s  a r e  c o m p o s e d  o f  c e r ta in  s h o t  t y p e s  (e .g .  
g lo b a l  v ie w s ,  c r o w d , ... e t c )  w h ic h  c o m p o s e  th e  s e t  o f  c la sses  in  th is  s ta g e .
R e g a r d in g  th e  issu e  o f  h o w  t o  c la s s ify , th is  is  r e a l is e d  u s in g  a  b o o s t e d  v e r s io n  o f  a  
d e c is io n  t r e e  c la s s if ie r .  T h e  u se  o f  th is  t y p e  o f  c la s s if ie r s  w a s  m o t iv a t e d  b y  a  n u m b e r  o f  
o b s e r v a t io n s .  F ir s t ,  b o o s t e d  d e c is io n  tr e e s  o f fe r  a n  e f f e c t iv e  im p le m e n ta t io n  o f  h ie r a r ­
c h ic a l c la s s if ie r  a r c h ite c tu r e .  T h u s ,  t h e y  b r e a k  c o m p le x  c la s s if ic a t io n  p r o b le m s  in to  a  
c o l le c t io n  o f  s im p le r  d e c is io n s . M o r e o v e r ,  t h e y  a c t  as a n  a u to m a t ic  fe a tu r e  (c u e  in  o u r  
c a s e ) s e le c to r .  T h is  is  im p o r t a n t  g iv e n  th a t  w e  a r e  t a r g e t in g  m u lt id is c ip l in a r y  e v e n ts  
w h ic h  m e a n s  la r g e  n u m b e r  o f  cu es  a r e  n e e d e d  t o  a c h ie v e  g o o d  r e s u lt .  S e le c t in g  o n ly  
th o s e  cu es  th a t  a r e  r e le v a n t  s ig n i f ic a n t ly  r e d u c e s  u n n e c e s s a ry  c o m p u ta t io n .  F o r  t r a in ­
in g  th e  s h o t  c la s s if ie r , a  s e t  o f  t r a in in g  s h o ts  is  c o n s tru c te d .  E a c h  s h o t  is r e p r e s e n te d  in  
te rm s  o f  cu es  a n d  m a n u a lly  a s s ig n ed  a  la b e l  c o r r e s p o n d in g  t o  t h e  s h o t  t y p e  (o r  v i e w )  
i t  r e p r e s e n t .  A  b o o s te d  v e r s io n  o f  a  d e c is io n  t r e e  le a r n in g  a lg o r i th m  is  th e n  u sed  t o  
in fe r  ru le s  t h a t  m a p  cu es  t o  c la ss  la b e ls .  T h e  c la s s if ic a t io n  k n o w le d g e  g e n e r a te d  f r o m  
th is  p ro c e s s ,  in  th e  fo r m  o f  t r e e ,  c a n  th e n  b e  u sed  t o  c la s s ify  u n seen  sh o ts . In  C h a p te r  
5 w e  d e s c r ib e  th e  p r o p o s e d  s h o t  c la s s if ie r  in  m o r e  d e ta ils .
3.5 Stage 3 : Temporal smoothing and shots grouping.
T h e  d ec is io n s  g e n e ra te d  b y  th e  s e c o n d  s ta g e  a r e  n o t  h ig h ly  r e l ia b le  d u e  t o  e r r o r  in  
cu es , s h o t  c la s s if ic a t io n  a n d / o r  d u e  t o  g e n u in e  a m b ig u ity .  T h is  a m b ig u ity  is  d u e  t o  th e
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p re s e n c e  o f  cu es  th a t  a r e  c h a ra c te r is t ic  t o  m o r e  th a t  o n e  s p o r t  (e .g .  g ra s s  c u e  in  b o t h  
f o o t b a l l  a n d  r u g b y ) .  I n  th is  s ta g e ,  w e  in t r o d u c e  th e  id e a  o f  t h e  t e m p o r a l  s m o o th in g  o f  
th e  b o o s te d  d e c is io n  t r e e  o u tp u ts .  T h is  id e a  w a s  b a s ed  o n  th e  o b s e r v a t io n  th a t  s p o r t  
s eq u e n c e s  u s u a lly  fo l lo w  a  c e r t a in  p a t t e r n  o f  s h o ts  v ie w s .  F o r  e x a m p le ,  in  te n n is ,  a  
t y p ic a l  s e q u e n c e  w o u ld  in c lu d e  a  s h o t  r e p r e s e n t in g  g lo b a l  v i e w  fo l lo w e d  b y  o n e  o r  m o r e  
v ie w s  s h o w in g  c lo s e -u p , c r o w d  a n d  o th e rs .  T h is  p a t t e r n  is r e p e a t e d  fo r  e a ch  p o in t  in  a  
te n n is  m a tc h . A l t h o u g h  a  ru le -b a s e d  s o lu t io n  (e .g .  m a jo r i t y  v o t in g )  c a n  b e  u sed , b u t  
in  th e  ca s e  o f  m u lt id is c ip l in a r y  e v e n ts  i t  is  h a rd  t o  m a in ta in . T h e r e fo r e ,  in  th is  s ta g e ,  
w e  u se  h id d e n  M a r k o v  m o d e ls  t o  e x p lo i t  th is  o b s e r v a t io n  a n d  u se  i t  t o  c o r r e c t  p o s s ib le  
e r r o r  in  la b e l l in g .  I n  a  c o n t r a s t  t o  m o s t  r e p o r t e d  m e th o d s  in  th e  l i t e r a tu r e ,  th e  in p u t  
t o  t h e  H M M s  a r e  h ig h - le v e l  d e c is io n  g e n e r a te d  b y  th e  s h o t  c la s s if ie r . T h is  s ta g e  is  
a ls o  c o n c e rn e d  w i t h  p e r fo r m in g  s h o t  g r o u p in g .  T h e  g r o u p in g  is d o n e  in  te rm s  o f  s p o r t  
id e n t it y ,  in  th e  ca se  o f  m u lt id is c ip l in a r y  e v e n ts ,  o r  in  t e r m s  o f  p la y / b r e a k  s e g m e n ts  
s p e c if ic  t o  c e r t a in  s p o r t .  T h is  s ta g e  is  d e s c r ib e d  in  m o r e  d e ta i ls  in  C h a p te r  6.
3.6 Conclusion
In  th is  C h a p te r ,  an  o v e r v ie w  o f  th e  p r o p o s e d  h ie r a r c h ic a l d e c is io n -m a k in g  f o r  s e m a n t ic  
a n a ly s is  a n d  s u m m a r is a t io n  o f  s p o r t s  v id e o s  w a s  g iv e n . T h e  s y s t e m  is  c o m p o s e d  o f  
th r e e  s ta g e s . T h e  f ir s t  s ta g e  (d e s c r ib e d  in  d e ta i ls  in  th e  n e x t  c h a p t e r )  is  c o n c e rn e d  
w i t h  th e  issu e  o f  r e p r e s e n t in g  r a w  v id e o  m a te r ia l  in  a  c o m p a c t  y e t  e f f ic ie n t  w a y . C u es  
a r e  u sed  t o  r e a lis e  th is  fu n c t io n a lity .  T h e  s e c o n d  s ta g e  a im s  a t  r e a c h in g  h ig h e r  d e c is io n s  
in  te rm s  o f  s h o t  t y p e s  g iv e n  th e ir  c u e  a n n o ta t io n .  M o r e  d e ta i ls  o n  th is  s ta g e  a re  g iv e n  
in  C h a p te r  5. I n  th e  f in a l  s ta g e ,  e x p la in e d  in  d e t a i l  in  C h a p te r  6 , t e m p o r a l  s m o o th in g  
is u sed  t o  c o r r e c t  p o s s ib le  m is c la s s if ic a t io n  a n d  t o  g r o u p  r e la t e d  sh o ts .
C h a p t e r  3. H ie ra rc h ic a l  D e c is io n  M a k in g  : A n  O v e r v i e w
Chapter 4
V i d e o  S t r e a m  P r e p r o c e s s i n g
4.1 Introduction
I n  t h e  p r e v io u s  c h a p te r ,  w e  g a v e  a n  o v e r v ie w  o f  th e  p r o p o s e d  h ie r a r c h ic a l d e c is io n ­
m a k in g  s y s te m  fo r  s e m a n t ic  a n a ly s is ,  s u m m a r is a t io n  a n d  r e t r ie v a l  o f  s p o r t  v id e o s .  In  
th is  c h a p te r  w e  d e s c r ib e  in  d e t a i l  t h e  f ir s t  s ta g e  o f  th is  s y s te m , w h ic h  p e r fo r m s  p r e ­
p ro c e s s in g  s te p s  o n  r a w  v id e o  d a ta .  T h e  m a in  p u rp o s e  o f  th is  s ta g e  is  t o  d e a l  w i t h  
th e  u n s tru c tu re d  fo r m a t  o f  th is  d a t a  a n d  m o s t  im p o r t a n t ly  t o  r e d u c e  its  h u g e  d im e n ­
s io n a lity .  W e  f ir s t ,  in  S e c t io n  4 .2 , d iscu ss  t e m p o r a l  s e g m e n ta t io n  o f  v id e o  in to  s m a lle r  
c o h e r e n t  u n its . T h is  is  u s u a lly  th e  f i r s t  s te p  in  a n y  v id e o  a n a ly s is  s y s te m . W e  a ls o  
d iscu ss  th e  e x t r a c t io n  o f  k e y  f r a m e s  t o  c o m p a c t ly  re p r e s e n t th e s e  u n its .
W e  th e n  tu r n  o u r  a t t e n t io n  t o  th e  p r o b le m  o f  r e p r e s e n t in g  th e  s e g m e n te d  d a t a  in  te rm s  
o f  s e m a n t ic  cu es  [58] in  S e c t io n  4 .4 . C u e s  a r e  th e  o u tp u t  o f  an  in t e r m e d ia t e  s ta g e  th a t  
a s s o c ia te s  fe a tu r e  m e a s u re m e n ts  w i t h  r e a l-w o r ld  o b je c ts ,  e v e n ts  o r  s o m e  c h a ra c te r is t ic  
p r o p e r t ie s  in  th e  d a ta .  T h is  is  d is t in c t  f r o m  th e  c o n v e n t io n a l a p p ro a c h e s  w h ic h  a re  
b a s e d  o n  lo w - le v e l  g e n e r ic  im a g e  fe a tu r e s .  C u e s  o f fe r  h ig h e r  le v e l  r e p r e s e n ta t io n  w h ic h  
is a p p l ic a t io n  d o m a in  s p e c if ic .  W e  d e s c r ib e ,  in  S e c t io n  4 .5 , t h e  p ro c e s s  o f  g e n e r a t in g  
a  cu e  e v id e n c e .  T h e  r e m a in in g  s e c t io n s  o f  th is  c h a p te r  a r e  d e d ic a te d  t o  d e s c r ib e  a n d  
e v a lu a te  d i f fe r e n t  c u e  g e n e r a t io n  m e th o d s  u sed  in  o u r  s y s te m . V is u a l  cu es  a r e  d is c u s se d  
in  S e c t io n  4 .6 ; cu es  b a s e d  o n  m o t io n  in fo r m a t io n  a re  d is cu ssed  in  S e c t io n  4 .7 . W e  
d e m o n s t r a te  th e  e f fe c t iv e n e s s  a n d  th e  p e r fo r m a n c e  o f  th e s e  cu e  e x t r a c t io n  m e th o d s
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th r o u g h  a  n u m b e r  o f  e x p e r im e n ts  c o n d u c te d  u s in g  a  d a ta b a s e  c o m p r is in g  s eq u en ces  
f r o m  th r e e  s p o r t  d is c ip lin e s . T h e  c h a p te r  c o n c lu d e s  in  S e c t io n  4 .8 .
4.2 Temporal video segmentation
T h e  le n g th  o f  s p o r t  v id e o s ,  a n d  th u s  a  h u g e  v o lu m e  o f  d a ta ,  a n d  its  u n s tru c tu re d  fo r m a t ,  
a r e  tw o  p r o b le m s  a s s o c ia te d  w i t h  v id e o  d o c u m e n t .  T o  d e a l w i t h  th e s e  p r o b le m s ,  th e  
r a w  v id e o  m a te r ia l  f i r s t  n ee d s  t o  b e  r e d u c e d  t o  a  s u ita b le  a n d  c o m p a c t  r e p r e s e n ta t io n  
th a t  c a n  b e  e a s i ly  a n d  c o n v e n ie n t ly  u sed  a t  la t e r  s ta g e s . I n  th is  s e c t io n  w e  d iscu ss  th e  
t e m p o r a l  s e g m e n ta t io n  o f  v id e o  in to  s m a lle r  c o h e re n t  u n its  (s h o t s )  w h ic h  c a n  b e  u sed  
fo r  c o n v e r t in g  th e  v id e o  t o  a  s t ru c tu r e d  d o c u m e n t  [12]. W e  a ls o  d iscu ss  a  c o m p a c t  
r e p r e s e n ta t io n  fo r  th e  d e t e c te d  s h o ts , u s in g  k e y  fr a m e s , as a  w a y  t o  r e d u c e  th e  a m o u n t  
o f  d a ta  t o  b e  a n a ly s e d .
4 . 2 . 1  S h o t  b o u n d a r i e s
S h o ts ,  e a c h  o f  w h ic h  is a  s in g le  c o n t in u o u s  c a m e r a  ta k e  a t  a  p h y s ic a l lo c a t io n  [7 ], a r e  
th e  e le m e n ta r y  u n its  c o n s t i tu t in g  a  v id e o .  S h o ts  a r e  l in k e d  in  a  s e q u e n c e  t o  t e l l  a  la r g e r  
s to ry .  T h e  w a y  in  w h ic h  a n y  tw o  s h o ts  a r e  jo in e d  t o g e th e r  is  c a l le d  t ra n s it io n .  T h e r e  is 
a  n u m b e r  o f  d i f fe r e n t  t y p e s  o f  s h o t  tr a n s it io n s :  h a rd  c u t  (d i r e c t  c o n c a t e n a t io n  o f  tw o  
s h o t s ) , fa d e  (s lo w  c h a n g e  in  b r ig h tn e s s  u s u a lly  r e s u lt in g  in  o r  s t a r t in g  w i t h  a  s o l id  b la c k  
f r a m e ) ,  w ip e  ( a  g r a d u a l s p a t ia l  t r a n s it io n  b e tw e e n  tw o  s h o t s ) ,  d is s o lv e  ( t h e  m ix tu r e  o f  
tw o  v id e o  s eq u en ces  w h e r e  th e  f ir s t  s e q u e n c e  is f a d in g  o u t  w h i le  t h e  s e c o n d  is  f a d in g  in )  
a n d  lo g o  ( t h e  t r a n s it io n  is a  s e t o f  c o n s e c u t iv e  fr a m e s  th a t  c o n ta in  lo g o  im a g e s  o f  th e  
b r o a d c a s t e r  o r  a  s p e c ia l e v e n t ) .  T h e  s e le c t io n  f r o m  th e s e  t r a n s it io n s  is u s u a lly  m a d e  
d u r in g  v id e o  p r o d u c t io n  t o  d e l iv e r  c e r t a in  m essa g es  t o  t h e  v ie w e r s .  I n  th e  d o m a in  o f  
s p o r t ,  t r a n s it io n s  a re  a n  im p o r ta n t  t o o l  a n d  p r o d u c e r s  c a r e fu l ly  s e le c t  th e m  t o  k e e p  
s p o r t  fa n s , w a tc h in g  an  e v e n t  o n  T V  o r  v id e o ,  in fo r m e d  o f  th e  s ta tu s  o f  t h e  g a m e . T h e  
s e le c t io n  is  d o n e  in  a  c o n s is te n t  w a y  so  th a t  v ie w e r  c a n  e s ta b lis h  a  r o u t in e  w h ic h  w i l l  
h e lp  th e m  t o  p r e d ic t  w h a t  is  g o in g  t o  b e  s h o w n  n e x t .
T h e  s h o t  b o u n d a r y  d e t e c t io n  is  u s u a lly  th e  f ir s t  s te p  in  a n y  v id e o  a n a ly s is  [28]. I t
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lia s  b e e n  an  a c t iv e  a r e a  o f  r e s e a r c h  a n d  a  la r g e  n u m b e r  o f  s h o t  b o u n d a r y  d e t e c t io n  
a lg o r ith m s  h a v e  b e e n  r e p o r t e d  in  th e  l i t e r a tu r e  (e .g .  [17, 28, 50 , 51 , 62, 65, 9 2 ]).
H o w e v e r ,  m o s t  o f  th e s e  m e th o d s  w e r e  d e s ig n e d  o n ly  t o  d e t e c t  c e r t a in  t y p e  o f  t r a n s it io n s  
(m a in ly  c u t, w ip e  a n d  d is s o lv e ) .  F r o m  th e  v id e o  d a ta b a s e  a v a ila b le  fo r  te s t in g ,  w e  
o b s e r v e d  th a t  d if fe r e n t  t y p e s  o f  s h o t  t r a n s it io n s  w e r e  u sed . W e  t r ie d  a  n u m b e r  o f  s h o t  
d e t e c t io n  m e th o d s  o n  s a m p le  v id e o  s e g m e n ts  f r o m  th e  d a ta b a s e . W e  n o t ic e d  th a t  w h i le  
a b ru p t  c u ts  w e r e  d e t e c te d  w e ll ,  d e t e c t in g  o th e r  t r a n s it io n  t y p e s  d id  n o t  p e r fo r m  as w e ll.  
A  v id e o  s h o t  d e t e c t io n ,  s p e c if ic  t o  s p o r t  v id e o s ,  t h a t  can  d e t e c t  e f f e c t iv e ly  a ll  t r a n s it io n s  
m e n t io n e d  a b o v e  is n e e d e d . T h e r e fo r e ,  in  th is  w o rk , th e  t e m p o r a l  s e g m e n ta t io n  w a s  
p e r fo r m e d  m a n u a lly . A  g r a p h ic a l  u se r  in te r fa c e  (F ig u r e  4 .1 ) w a s  d e v e lo p e d  t o  p a r t i t io n
F ig u r e  4 .1 : T h e  te m p o ra l  v id e o  s e g m e n ta t io n  w as p e r fo r m e d  m a n u a lly . T h is  f ig u re  
sh o w s  the g ra p h ica l u s e r  in te r fa c e  th a t w a s u sed  to  d o  the p a r t it io n in g . T h e  d if fe ren t  
tra n s it io n  a re r e p r e s e n te d  c o r r e s p o n d in g  to  the n a m e  o f  the tra n s it io n s . T h e  O T H E R S  
b u tto n  a llow s  the u s e r  to  r e p o r t  o th e r  typ es  o f  t ra n s it io n s  i f  a ny .
a  v id e o  V  in to  T  sh o ts :
V = {S\,S2, • • - ,St } (4.1)
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4 . 2 . 2  K e y  f r a m e s  e x t r a c t i o n
T h e  n e x t  s te p  a f t e r  t e m p o r a l  s e g m e n ta t io n  is t o  m a p  th e  g e n e ra te d  s e g m e n t  t o  s o m e  
s m a ll  n u m b e r  o f  r e p r e s e n ta t iv e  im a g e s  ( i .e .  k e y  fr a m e s ) .  T h is  w i l l  h e lp  in  r e d u c in g  th e  
a m o u n t o f  d a ta  t o  b e  a n a ly s e d . S o m e  te c h n iq u e s  e x is t  th a t  a d d re s s  th e  p r o b le m  o f  k e y  
fr a m e  e x t r a c t io n  (e .g .  [89, 9 5 ]).  H o w e v e r ,  th e s e  te c h n iq u e s  a re  u s u a lly  c o m p u ta t io n a l ly  
e x p e n s iv e .  In  o u r  s y s te m  w e  o p t e d  b y  s e le c t in g  a  f r a m e  e v e r y  o th e r  s e c o n d  t o  fo r m  th e  
s e t o f  k e y  fra m e s  fo r  e a ch  sh o t . O f  c o u rs e , th is  is a  h e u r is t ic ,  a n d  o th e r  ra te s  c a n  b e  
s e le c te d . A  s h o t  S t c a n  th e n  b e  d e f in e d  in  te rm s  o f  k e y  fr a m e s  as:
St =  { / i , 4 - t a / , - " }  (4 -2 )
w h e r e  / j is t h e  j  th  k e y - fr a m e  e x t r a c t e d  f r o m  s h o t  S i.
4.3 Experimental data and setup
B e fo r e  d is c u s s in g  th e  c o n c e p t  o f  s e m a n t ic  cu es  a n d  d e s c r ib in g  a  n u m b e r  o f  cu e  g e n e r ­
a t io n  m e th o d s  fo r  g e n e r a t in g  th e  v a r io u s  s e m a n t ic  cu es  t o  b e  u sed  in  o u r  s y s te m , w e  
d e s c r ib e  th e  d a ta b a s e  u sed  in  e v a lu a t in g  th e s e  m e th o d s .  T h e  d a ta b a s e  c o m p r is e s  th r e e  
v id e o  ta p e s  r e p r e s e n t in g  th r e e  d i f fe r e n t  s p o r t in g  e v e n ts :
• Tennis : th e  f ir s t  tw o  se ts  o f  th e  2003  A u s t r a l ia n  o p e n  m e n ’s f in a l (A g a s s i  vs . 
S c h u e t t le r ) .  T h is  t a p e  c o n ta in s  625  sh o ts , r e p r e s e n te d  b y  3900  k e y  fra m e s . G lo b a l  
v ie w s  re p re s en t 2 2 %  o f  th e  sh o ts . T r a n s it io n s  u sed  w e r e  a b ru p t  c u ts  a n d  d is s o lv e s .
•  R u g b y  : th e  s e c o n d  h a l f  o f  th e  2003  S ix  N a t io n s  C u p  m a tc h  (E n g la n d  v s . I t a l y ) .  
T h is  t a p e  c o n ta in s  507  sh o ts , r e p r e s e n te d  b y  3000  k e y  fra m e s . G lo b a l  v ie w s  
re p r e s e n t  2 8 %  o f  th e  sh o ts . T r a n s it io n  u sed  in c lu d e  a b ru p t  cu ts , lo g o  t r a n s it io n s  
a n d  d is s o lv e s . L o g o  t r a n s it io n s  w e r e  u sed  b e fo r e  a n d  a f t e r  m o s t  o f  th e  r e p la y  
s e g m en ts .
• Snooker : fo u r  fr a m e s  f r o m  th e  f in a l m a tc h  o f  th e  2003  M a s te r s  ( O ’ S u ll iv a n  vs . 
H u n t e r ) .  T h is  t a p e  c o n ta in s  624  sh o ts , r e p r e s e n te d  b y  3600  k e y  fra m e s . G lo b a l  
v ie w s  re p re s e n t 4 1 %  o f  th e  sh o ts . T r a n s it io n  u sed  w e re  a b r u p t  cu ts , d is s o lv e s  a n d  
w ip e s .
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In  e a ch  e x p e r im e n t  w e  p e r fo r m ,  tw o  c o n f ig u r a t io n s  a re  c o n s id e re d . In  th e  f ir s t ,  10%  o f  
th e  m a te r ia l  is u sed  fo r  t r a in in g  a n d  th e  r e m a in in g  9 0 %  fo r  te s t in g .  In  th e  s e c o n d  c o n ­
f ig u r a t io n ,  a n d  t o  s tu d y  th e  e f fe c t  o f  in c r e a s in g  th e  s iz e  o f  th e  t r a in in g  s e t , 2 0 %  is u sed  
fo r  t r a in in g  a n d  8 0 %  fo r  te s t in g .  E a c h  e x p e r im e n t  is r e p e a t e d  10 t im e s  a n d  th e  a v e ra g e  
r a te  a n d  th e  s ta n d a rd  d e v ia t io n  o f  b o t h  th e  r e c a l l  r a t e  a n d  th e  p r e c is io n  a r e  r e p o r t e d .  
R e c a l l  r a te  is d e f in e d  as th e  p r o p o r t io n  o f  in s ta n c es  th a t  w e re  c o r r e c t ly  r e t r ie v e d  (i .e .  
r e c a l l  =  c — f ^ f eU e Z d T m is s e d )  • P r e c is io n  is d e f in e d  as th e  p r o p o r t io n  o f  th e  r e t r ie v e d
in s ta n c es  th a t  w e re  c o r r e c t  ( i .e .  p r e c i s i o n  — --------  c o r r e c t l y  r e t r i e v e d —  —
v ^  c o r r e c t l y  re tr ie v e d -^ -  f  a l s e l y  r e t r i e v e d '
4.4 Semantic cues
In  m u ch  o f  th e  p r e v io u s  w o r k  in  a u to m a t ic  a n n o ta t io n  o f  v id e o  m a te r ia l ,  th e  a n n o ­
t a t io n  c o n s is te d  o f  th e  o u tp u t  o f  v a r io u s  fe a tu r e  d e te c to r s  (e .g .  M P E G - 7  d e s c r ip t o r s ) .  
T h e s e  fe a tu r e  d e t e c to r s  a r e  c h o s en  b e c a u s e  th e y  a r e  a b le  t o  p r o v id e  u s e fu l a n d  p o w e r fu l 
d is c r im in a t io n  fo r  a  w id e  v a r ie t y  o f  s itu a t io n s .  H o w e v e r ,  a  g a p  e x is ts  b e tw e e n  th e s e  
lo w - le v e l  fe a tu r e s  a n d  th e  w a y  h u m a n s  u n d e r s ta n d  a n d  access  m u lt im e d ia  c o n te n t  ( i .e .  
in  t e rm s  o f  h ig h - le v e l s e m a n t ic s ) .  In  c o n t ra s t ,  s e m a n t ic  cu es  o f fe r  a n  a l t e r n a t iv e  w h ic h  
ta k e s  th e  p ro c e s s  o n e  s ta g e  fu r th e r  b y  r e la t in g  th e  o u tp u ts  o f  lo w - le v e l  fe a tu r e  d e t e c ­
to r s  t o  a c tu a l o b je c t s / p r o p e r t ie s  in  th e  s cen e  th a t  h as b e e n  r e c o rd e d .  T h is  c u e -b a se d  
a p p ro a c h  a ls o  a llo w s  th e  o u tp u ts  o f  d i f fe r e n t  fe a tu r e  d e t e c t io n  m e th o d s  t o  b e  r e la t e d  
u n d e r  a  s in g le  m e a s u re m e n t  fr a m e w o rk .
A  cu e  is an  “ an  a u d io -v is u a l e v e n t ,  i.e . s o m e th in g  h a p p e n in g ,  o r  th e  a p p e a ra n c e  o f  an  
o b je c t ,  a t  a  p a r t ic u la r  t im e  a n d  s p a t ia l  lo c a t io n  in  th e  s cen e  th a t  h as  b e e n  r e c o r d e d ” . 
T h e  o u tp u ts  o f  d o m a in - in d e p e n d e n t  lo w - le v e l  fe a tu r e  d e t e c to r s  a re  u sed  as in p u ts  t o  
g e n e ra te  e v id e n c e  fo r  th e  p r e s e n c e  o f  d o m a in  s p e c if ic  cu es  in  a  s cen e  b y  m e a n s  o f  a  s e t 
o f  o n e  o r  m o re  t r a in in g  p ro c e s s e s . E a c h  fe a tu r e  d e t e c to r  c a n  b e  a s s o c ia te d  w ith  s e v e r a l 
d i f fe r e n t  cu es . F ig u r e  4 .2  sh o w s  th e  g e n e ra l f r a m e w o rk  c u e  g e n e r a t io n  w h ic h  in v o lv e s  
th r e e  s ta g es . T w o  o f  th e  s ta g e s  o p e r a t e  o ff - l in e :  S ta g e  1 fo r  t r a in in g  a  c la s s if ie r , a n d  
S ta g e  2 fo r  c o n s tru c t in g  a  p a ir  o f  h is to g r a m s  fo r  e s t im a t in g  th e  p .d .f .  v a lu e  p a irs . S ta g e  
3 o p e ra te s  a t  ru n  t im e  t o  g e n e r a te  th e  a n n o ta t io n .
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4.5 Representation using cues
L e t  us s u p p o s e  th a t  w e  h a v e  a  s e t  o f  M  t r a in e d  c u e -d e te c to r s .  T h e  s e t  o f  cu es  a r e  
c o m p u te d  e ith e r  o n  f r a m e  le v e l  ( M f ) ,  e .g .  crow d, c u e  , o r  s h o t  le v e l  ( M s ) ,  e .g .  m o t io n  
a c t iv i ty  c u e ;  th u s  M  =  M f  U  M s . A  cu e  d e t e c t o r ,  lo o k in g  f o r  t h e  m th cu e  C m , o p e r a te s  
o n  a  k e y - f r a m e  J j o r  a  s h o t  S i  (d e p e n d in g  o n  w h a t  is  th e  cu e  lo o k in g  f o r )  a n d  g e n e ra te s  
tw o  p .d .f .  v a lu e s  p (x \ C m )  a n d  p (x \ C m ) ,  w h e r e  x  d e n o te s  th e  fe a tu r e  v e c t o r  c o m p u te d  
o n  I j  o r  S i .  U s in g  B a y e s ’ ru le  a n d  a s s u m in g  e q u a l  p r io r  p r o b a b i l i t ie s ,  t h e  p o s te r io r  
p r o b a b i l i t y  P ( C m \x ) c a n  b e  e s t im a t e d  as fo l lo w :
< t s )
A  k e y  f r a m e  I ,  c a n  b e  r e p r e s e n te d  b y  a  v e c t o r  1 }  in  t e rm s  o f  cu es  as fo l lo w s :
Tj = (P(Ci\xI<),P(C2\xIi),---,P(Cm,\xI<)(4.4)
J  3 3 3
w h e r e  m /  is  th e  n u m b e r  o f  cu es  c o m p u te d  a t  f r a m e  le v e l.
A  s h o t ,  S i ,  c a n  s im i la r ly  b e  r e p r e s e n te d  b y  a  v e c t o r  S p
Si = (Cl• •. ,C4/+i, • ••, C j , ) (4.5)
w h e r e  C lm is  c o m p u te d  as:
4  Y ,  P ( C m \ x i )  1 < m < m f
1 all leSi (4.6)
P (C m \ x S i )  m f  +  1 < m  <  M
4.6 Visual cues extracted from still images
In  th is  s e c t io n , w e  d e s c r ib e  th e  m e th o d s  w e  u se  in  o u r  s y s te m  t o  d e t e c t  cu es  in  s t i l l  
im a g e s  ( i .e .  v is u a l  c u e s ) .  W e  d iv id e  t h e  v is u a l  cu e  g e n e r a t io n  m e th o d s  in to  tw o  c a te ­
g o r ie s :  o n es  t h a t  a s s o c ia te s  lo w - le v e l  f e a tu r e  m e a s u re m e n ts  w i t h  r e a l-w o r ld  o b je c t s  o r  
e v e n ts  (d is c u s s e d  in  th e  fo l lo w in g  s e c t io n ) ,  a n d  o n es  th a t  a s s o c ia te s  s o m e  c h a ra c te r is ­
t i c  p r o p e r t ie s  r e s u lt in g  f r o m  th e  u n iq u e  c in e m a to g r a p h y  o f  s p o r t  v id e o s  (d is c u s s e d  in  
s e c t io n  4 .6 .2 ).
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4 . 6 . 1  O b j e c t - b a s e d  c u e s
A s  p a r t  o f  th e  A S S  A V I D  p r o je c t ,  d i f fe r e n t  v is u a l  c u e  d e t e c t io n  m e th o d s  h a v e  b e e n  
d e v e lo p e d  [58 ]. E a c h  m e th o d  c a n  b e  u sed  t o  fo r m  a  n u m b e r  o f  d i f fe r e n t  c u e -d e te c to r s  
( lo o k in g  fo r  c h a ra c te r is t ic  o b je c t s )  p r o v id e d  t h a t  s u ita b le  t r a in in g  d a t a  is  a v a ila b le .  
T h e  fo l lo w in g  is a  d e s c r ip t io n  o f  th e  d e v e lo p e d  m e th o d s .
4 .6 .1 .1  T h e  M u l t i - m o d a l  N e i g h b o u r h o o d  S i g n a t u r e  ( M N S )  c u e s
In  th e  M u l t im o d a l  N e ig h b o u r h o o d  S ig n a tu r e  a p p ro a c h  ([5 7 , 4 4 ]) ,  o b je c t  c o lo u r  s tru c ­
tu r e  is r e p r e s e n te d  b y  a  s e t  o f  in v a r ia n t  fe a tu r e s  c o m p u te d  f r o m  im a g e  n e ig h b o u rh o o d s  
w i t h  a  m u lt im o d a l  c o lo u r  d e n s it y  fu n c t io n .  T h e  m e th o d  is  im a g e -b a s e d  -  th e  r e p r e ­
s e n ta t io n  is c o m p u te d  f r o m  a  s e t  o f  e x a m p le s  o f  th e  o b je c t  o f  in te r e s t ,  a  cu e  in  th is  
c o n t e x t .
A  s ig n a tu r e  is  a  s e t  o f  in v a r ia n t  c o lo u r  p a ir s  c o r r e s p o n d in g  t o  p a ir s  o f  c o o rd in a t e s  o f  
th e  m o d e s  ( i .e .  p e a k s ) o f  th e  d e n s it y  fu n c t io n  e s t im a te s  f r o m  e a c h  n e ig h b o u r h o o d .  T h e  
M N S  s ig n a tu re s  o f  a l l  th e  e x a m p le  im a g e s  a r e  th e n  m e r g e d  in to  a  c o m p o s it e  o n e  b y  su­
p e r im p o s in g  th e  fe a tu r e s  (c o lo u r  p a ir s ) .  C o n s id e r in g  e a c h  c o lo u r  p a ir  as a n  in d e p e n d e n t  
o b je c t  d e s c r ip t o r  ( a  d e te c to r ) ,  its  d is c r im in a t iv e  a b i l i t y  is  m e a s u re d  o n  a  p r e - s e le c te d  
t ra in in g  s e t  c o n s is t in g  o f  p o s i t iv e  a n d  n e g a t iv e  e x a m p le  im a g e s . A  s im p le  m e a s u re , th e  
a b s o lu te  d if fe r e n c e  o f  t r u e  a n d  fa ls e  p o s i t iv e  p e r c e n ta g e s  is  c o m p u te d .  F in a l ly ,  th e  n  
m o s t  d is c r im in a t iv e  d e t e c to r s  a r e  s e le c te d  t o  r e p r e s e n t  th e  o b je c t  o f  in te r e s t .  F o r  th e  
r e p o r t e d  e x p e r im e n ts  n  w a s  s e t t o  3.
F o r  te s t in g ,  e a c h  d e t e c t o r  is v ie w e d  as a  p o in t  in  th e  d e t e c t o r  sp a ce . A  h y p e r s p h e r e  w i t h  
ra d iu s  h  is d e f in e d  a r o u n d  e a c h  p o in t .  G iv e n  t e s t  im a g e  o f  t h e  o b je c t ,  m e a s u re m e n ts  
a r e  l ik e ly  t o  l ie  in s id e  th e  d e t e c to r  h y p e r s p h e re s .  A  b in a r y  n - tu p le  is  c o m p u te d  fo r  
e a c h  te s t  im a g e ,  e a c h  b in a r y  d ig i t  is  a s s ig n ed  1 i f  a t  le a s t  o n e  t e s t  m e a s u re m e n t  w a s  
w i t h in  th e  c o r r e s p o n d in g  d e t e c t o r  s p h e re , 0 o th e rw is e .  O n e  o f  2n p o s s ib le  n - tu p le s  
a r e  th e  m e a s u re m e n ts  o u tp u t  f r o m  th e  m a tc h in g  s ta g e . T h e  r e la t iv e  f r e q u e n c y  o f  e a c h  
p o s s ib le  ? i- tu p le  o v e r  th e  p o s i t iv e  a n d  n e g a t iv e  cu e  e x a m p le s  o f  t h e  t r a in in g  s e t  d e f in e  
a n  e s t im a te  o f  p (x \ C m )  a n d  p (x \ C m ) .  F ig u r e  4 .3  s h o w s  s o m e  th e  p .d .f .s  r e s u lt in g  f r o m  
th e  cu e  t r a in in g  p ro c e s s e s  u s in g  th e  M N S  a p p ro a c h .
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F ig u r e  4 .3 : E x a m p le  o f  c u e s  g e n e ra te d  u s in g  the M u lt im o d a l  N e ig h b o u r h o o d  S ig n a tu re  
( M N S )  m eth od .
4 .6 .1 .2  N e u r a l  N e t w o r k s  ( N N )  b a s e d  C u e s
E a c h  c u e -d e te c t o r  is a  n e u ra l n e tw o rk  t r a in e d  o n  c o lo u r  a n d  t e x tu r e  d e s c r ip to r s  c o m ­
p u te d  a t  a  p ix e l  le v e l o n  im a g e  r e g io n s  c o n ta in in g  th e  cu e  o f  in te r e s t  [59] a n d  o n  im a g e  
r e g io n s  w h ic h  a r e  k n o w n  n o t  t o  c o n ta in  th e  cu e . T h e  r e s u lt in g  t r a in e d  n e tw o rk  is th e n  
a b le  t o  d is t in g u is h  b e tw e e n  th e  fe a tu r e s  o f  c u e  a n d  n o n -c u e  p ix e ls .  A  h ig h  o u tp u t  r e p ­
re s e n ts  th e  ca se  w h e n  th e  fe a tu r e  v e c t o r  o f  th e  p ix e l  b e lo n g s  t o  th e  s a m e  d is t r ib u t io n  
as th e  c u e  a n d  v ic e -v e r s a .
T o  ch eck  fo r  th e  p re s e n c e  o f  a  c u e  in  a  t e s t  im a g e ,  th e  s a m e  c o lo u r  a n d  t e x tu r e  fe a tu re s  
a re  c o m p u te d  fo r  e a ch  te s t  im a g e  p ix e l  a n d  th e  fe a tu r e  v e c t o r  is p a s s e d  t o  th e  n e u ra l 
n e tw o rk . I f  m a n y  h ig h  o u tp u ts  a r e  o b s e r v e d  th e n  th is  g iv e s  an  in d ic a t io n  o f  h o w  l ik e ly  
it  is th a t  th e  g iv e n  cu e  is p re s e n t in  th e  im a g e . C u es  s u ita b le  fo r  th is  m e th o d  in c lu d e  
C la y  T e n n is  S u r fa c e  a n d  A th le t ic sT ra c k .  F ig u r e  4 .4  sh o w s  s o m e  o f  th e  p .d .f .s  r e s u lt in g  
fr o m  th e  c u e  t r a in in g  p ro c e s s e s  u s in g  th e  N N  a p p ro a c h .
p . d . f
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F ig u r e  4 .4 : E x a m p le  o f  c u e s  g e n e ra te d  u s in g  the N e u r a l  N e t w o r k  ( N N )  m eth od .
4 .6 .1 .3  T e x t u r e  C o d e s  ( T C )
T h e  t e x tu r e -b a s e d  c u e -d e te c t o r  c o n s is ts  o f  tw o  c o m p o n e n ts :  a  t r a in in g  p h a se , in  w h ic h  a  
m o d e l  fo r  th e  c u e  is c r e a te d  u s in g  g r o u n d  t r u th ,  a n d  th e  cu e  e x t r a c t o r  (s e e  [4 6 ]).  In  th e  
t r a in in g  s ta g e , t e m p la t e  r e g io n s  f r o m  th e  k e y - fr a m e s  a r e  s e le c te d  fo r  e a c h  cu e . S e v e ra l 
t e m p la t e s  a r e  n e e d e d  fo r  e a ch  cu e  t o  a c c o u n t fo r  a p p e a ra n c e  v a r ia t io n s .  T e x tu r a l  
d e s c r ip to r s  a r e  e x t r a c t e d  f r o m  th e  t e m p la t e s  u s in g  a  t e x tu r e  a n a ly s is  m o d u le  b a s ed  o n  
G a b o r  f i lte r s .  T h e s e  d e s c r ip to r s ,  w i t h  th e  n u m b e r  o f  o c c u r re n c e s , fo r m  th e  m o d e l  fo r  
th e  cu e .
In  th e  t e s t in g  m o d e ,  th e  w h o le  im a g e  is p r e s e n te d  t o  th e  t e x tu r e  a n a ly s is  m o d u le .  T h e n ,  
b y  c o m p a r in g  th e  r e s u lt  w i t h  th e  m o d e l ,  a  c o a rs e  d e t e c t io n  c o m p o n e n t  s e le c ts  th e  th r e e  
te m p la t e s  w h ic h  a r e  m o s t  l ik e ly  t o  b e  v is u a l ly  s im ila r  t o  a n  a r e a  o f  th e  im a g e  b e in g  
a n n o ta te d .  T h e  s im ila r i t y  is e v a lu a t e d  u s in g  h is t o g r a m  in te r s e c t io n .  T h e  c o m p u ta t io n a l  
e f f ic ie n c y  im p ro v e s  b y  h a s h in g  th e  m e ta -d a ta ;  th is  a ls o  e n a b le s  t o  c o m p u te  th e  s im ila r i t y
p . d . f
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m e a s u re  o n ly  f o r  t e m p la t e s  w h ic h  s h a re  d e s c r ip to r s  w i t h  th e  in p u t  im a g e . A  lo c a lis a t io n  
c o m p o n e n t  f in a l ly  id e n t i f ie s  th e  a rea s  o f  th e  im a g e  w h ic h  th e  s e le c te d  te m p la t e s  m a tc h  
m o s t  c lo s e ly , a n d  th e  im a g e  lo c a t io n  w h ic h  y ie ld s  th e  b e s t  m a tc h  c o n f id e n c e  is r e ta in e d .  
F ig u r e  4 .5  sh o w s  s o m e  th e  p .d .f .s  r e s u lt in g  f r o m  th e  cu e  t r a in in g  p ro c e s s e s  u s in g  th e
p . d . f
F ig u r e  4 .5 : E x a m p le  o f  c u e s  g e n e ra te d  u s in g  the T e x tu re  C o d e s  ( T C )  m eth od .
T C  a p p ro a c h .
4 .6 .1 . 4  P e r f o r m a n c e
F ig u r e s  4 .3 , 4 .4  a n d  4 .5  s h o w  th e  q u a l i t y  o f  d i f fe r e n t  cu es  ju d g e d  b y  th e  d e g r e e  o f  
s e p a ra t io n  o f  th e  p .d .f .s .  H o w e v e r ,  th e y  d o  n o t  g iv e  a  c le a r  v i e w  o f  th e  p e r fo rm a n c e  
w e  m ig h t  a c h ie v e  b y  c o m b in in g  th e s e  cu es  t o  p e r fo r m  m o re  s o p h is t ic a te d  c la s s if ic a t io n  
ta sk s . W e  th e r e fo r e  c o n d u c te d  e x p e r im e n ts  u s in g  th e  d a ta  a n d  s e tu p s  d e s c r ib e d  in  S ec ­
t io n  4 .3 . T h e  ta s k  is  t o  c la s s ify  a  k e y  f r a m e  in to  o n e  o f  p r e d e f in e d  c a te g o r ie s :  R u g b y ,  
S n o o k e r , T e n n is , C ro w d , C l o s e -u p , a n d  O th e r s .  B a s e d  o n  an  e a r l ie r  e x p e r ie n c e  [31],
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w e  o p t e d  f o r  a  b o o s te d  d e c is io n  t r e e  le a rn in g  a lg o r i th m  t o  b u i ld  th e  th e  c la s s if ic a t io n  
m o d e l  (W e  w i l l  d e s c r ib e  d e c is io n  tr e e s  in  m o r e  d e t a i l  in  th e  n e x t  c h a p te r ) .  T h e  c la s s if i­
c a t io n  p e r fo r m a n c e  o f  th e  v is u a l  cu es  g e n e ra te d  u s in g  e a c h  m e th o d  is  r e p o r t e d  in  T a b le
4 .1  t o g e th e r  w i t h  th e  p e r fo r m a n c e  o f  a l l  p o s s ib le  c o m b in a t io n s  o f  th e  th r e e  m e th o d s .
T a b le  4 .1 : T h e  p e r f o r m a n c e  o f  th e  v is u a l  c u e  g e n e r a t io n  m e th o d s : M N S ,  N N  a n d  T C .  
T h e  e v a lu a t io n  w a s c a r r ie d  o u t  u s in g  th e  s e tu p  d es c r ib e d  in  S e c t io n  4 -3 .
M e t h o d
E x p e r im e n t a l  S e tu p s
1 0 %  t r a in in g ,  9 0 %  t e s t in g 2 0 %  t r a in in g ,  8 0 %  te s t in g
M N S 7 5 .7% (d =  0 .5 ) 7 6 .8 % (d r  0 .7 )
N e u r a l  N e t  ( N N ) 8 7 . 8 % (±  0 .6 ) 8 9 .7 % (d r  0 .5 )
T e x tu r e  C o d e s  ( T C ) 7 2 .7 % (±  0 .7 ) 75 .4% (d b  0 .4 )
M N S  a n d  N N 8 9 .6 % (±  0 .9 ) 9 0 .7 % (d r 0 .4 )
M N S  a n d  T C 84 .5% (d b  1 .0 ) 8 4 .7 % (±  0 .7 )
N N  a n d  T C 8 8 .7 % (dr 0 .8 ) 9 0 .4 % (±  0 .4 )
M N S ,  N N  a n d  T C 8 9 .8 % (d r  0 .7 ) 9 1 .3 % (d r  0 .4 )
C o m p a r in g  th e  p e r fo r m a n c e  o f  th e  in d iv id u a l  cu e  g e n e r a t io n  m e th o d s ,  w e  n o t ic e d  th a t  
th e  N N  m e th o d  p e r fo r m e d  th e  b e s t .  T h is  is  b e c a u s e  th e  N N  m e th o d  uses b o t h  c o lo u r  
a n d  t e x tu r e  in fo r m a t io n .  W e  n o t ic e d  th a t  th e  re s u lts  o b t a in e d  b y  c o m b in in g  cu es  f r o m  
th e  th r e e  m e th o d s  a c h ie v e d  th e  b e s t  re su lts . I t  is  im p o r t a n t  t o  p o in t  o u t  t h a t  th e r e  is  
n o  s ig n if ic a n t  e x t r a  c o m p u ta t io n a l  c o s t  w h e n  c o m b in in g  a l l  th e  cues. T h is  is d u e  t o  th e  
a u to m a t ic  c u e  s e le c t io n  o f  d e c is io n  tr e e s  (s e e  5 .4 ).  I t  w a s  a ls o  n o t ic e d  th a t  in c r e a s in g  
th e  n u m b e r  o f  s a m p le s  a v a ila b le  fo r  t r a in in g  h as  s ig n i f ic a n t ly  im p r o v e d  th e  c la s s if ic a t io n  
r a te .  I n  [31] w e  a ls o  s tu d ie d  th e  e f f e c t  o f  th e  s iz e  o f  th e  t r a in in g  s e t  o n  th e  p e r fo r m a n c e  
th e  d e c is io n  t r e e .  I n  g e n e ra l p r o v id in g  m o r e  t r a in in g  m a te r ia l  fo r  th e  d e c is io n  t r e e  w i l l  
s ig n i f ic a n t ly  in c r e a s e  th e ir  c la s s if ic a t io n  p o w e r .
4 . 6 . 2  C u e s  b a s e d  o n  c i n e m a t i c  p r o p e r t i e s
I t  w a s  n o t ic e d  th a t  th e  c u e  g e n e r a t io n  m e th o d s  d e s c r ib e d  in  th e  p r e v io u s  s e c t io n  r e q u ir e  
a  c o n s id e r a b le  s k i l l  t o  t r a in  cu e  d e t e c to r s  t o  g e n e r a te  g o o d  q u a l i t y  c u e  e v id e n c e s ,  as 
th e ir  e ffe c t iv e n e s s  re lie s  h e a v i ly  o n  c a r e fu l ly  ch o sen  e x a m p le s .  T h is  is  n e c e s s a ry  fo r  
d e t e c t in g  a n d  lo c a t in g  c h a ra c te r is t ic  o b je c t s  in  a n  im a g e . H o w e v e r ,  th e r e  a r e  s o m e
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c h a ra c te r is t ic  p r o p e r t ie s  r e s u lt in g  f r o m  th e  u n iq u e  c in e m a to g r a p h y  o f  s p o r t  v id e o s ,  as 
d e s c r ib e d  in  S e c t io n  2 .5 .1 , t h a t  c a n  b e  d e t e c te d  u s in g  a  s im p li f ie d  v e r s io n  o f  th e  cu e  
g e n e r a t io n  p ro c e s s  i l lu s t r a te d  in  F ig u r e  4 .2 . In  th e  s im p li f ie d  a p p ro a c h  (s e e  F ig u r e  4 .6 ),  
a  s e t o f  g r o u n d t r u th e d  t r a in in g  s a m p le s  is p r o v id e d .  A f t e r  r e p r e s e n t in g  th e m  in  te rm s  
o f  fe a tu re s ,  a  m a c h in e  le a rn in g  a lg o r i th m  is u sed  t o  d is c o v e r  th e  c o n n e c t io n  b e tw e e n  
th e  fe a tu r e s  a n d  th e  g r o u n d - t r u th  la b e ls  o f  th e  fra m e s  u sed  fo r  t r a in in g .  T h e  a c q u ir e d  
k n o w le d g e  is th e n  u sed  t o  g e n e r a te  a n n o ta t io n  o n  n e w  u n seen  fra m e s . T h is  a p p ro a c h  
e l im in a te s  th e  n e e d  fo r  S ta g e  1 in  F ig u r e  4 .2 . In  th e  n e x t  tw o  s e c t io n s , w e  d e s c r ib e d  
tw o  v is u a l c u e  g e n e r a t io n  m e th o d s  d e v e lo p e d  u s in g  th is  a p p ro a c h .
4 .6 .2 .1  D o m i n a n t  c o l o u r - b a s e d  c u e  m e t h o d
T h is  cu e  g e n e r a t io n  m e th o d  is m o t iv a t e d  b y  th e  fa c t  th a t  m o s t  s p o r ts  a r e  p la y e d  o n  
f ie ld s  e a c h  h a v in g  a  u n ifo rm  c o lo u r .  A  s ig n if ic a n t  p o r t io n  o f  m o s t  s p o r t  v id e o s  r e p r e s e n ts  
globa l v ie w s  (s e e  s ta t is t ic s  in  S e c t io n  4 .3 ) in  w h ic h  a  s in g le  c o lo u r  ( i .e .  p la y in g  f ie ld )  
u s u a lly  o c c u p ie s  a  s ig n if ic a n t  a r e a  o f  th e  im a g e .  C o m p u t in g  th e  o c c u p a n c y  o f  th e  
d o m in a n t  c o lo u r  in  an  im a g e  s e rv e s  as a  g o o d  fe a tu r e  t o  t r a in  cu es  t o  d e t e c t  such  
c h a ra c te r is t ic  v ie w s .
T h e  d o m in a n t  c o lo u r  fe a tu r e  h as b e e n  s u c c e s s fu lly  e m p lo y e d  in  m a n y  e x is t in g  m e th o d s  
a d d re s s in g  v id e o  a n a ly s is . X u  e t  a l. in  [90, 91] d e t e c t  th e  d o m in a n t  c o lo u r  t o  c o m p u te  
g ra ss  a r e a  r a t io  a n d  u sed  it  t o  c la s s ify  f o o t b a l l  fr a m e s  t o  th r e e  k in d  o f  v ie w s :  g lo b a l,  
z o o m - in  a n d  c lo s e u p . T h e  p e r c e n ta g e  o f  g r e e n  p ix e ls  (g r a s s )  w a s  a ls o  u sed  in  [49] t o  
p e r fo r m  a  s im ila r  c la s s if ic a t io n  ta s k . E k in  e t  a l. [16] p r o p o s e d  a u to m a t ic  f ie ld  d o m in a n t  
c o lo u r  r e g io n  a n d  u sed  i t  fo r  s h o t  t y p e  c la s s if ic a t io n  a n d  o th e r  h ig h - le v e l  a lg o r ith m s  
(e .g .  p la y / b r e a k  s e g m e n t  d e t e c t io n ) .  In  a ll th e  m e n t io n e d  m e th o d s ,  th e  a u th o rs  te n d  t o  
d e f in e  a  v a lu e  fo r  th e  d o m in a n t  c o lo u r  (e .g .  g ra s s ) a n d  use th e  le a rn t  v a lu e  in  s u b se q u en t 
p ro c e s s in g . T h u s ,  i t  is  d e p e n d e n t  o n  th e  s p o r t  e v e n t  a n d  th e  s u r fa c e  u sed . O u r  a im  is 
t o  s im p ly  a n s w e r  th e  q u e s t io n  “d oes  a f r a m e  r e p re s e n t  a c e r ta in  v i e w ? ”  r e g a rd le s s  o f  
th e  v a lu e  th e  d o m in a n t  c o lo u r . T h e  d e c is io n  a b o u t  th e  t y p e  a n d  c o lo u r  o f  th e  s u r fa c e  
(e .g .  g ra ss , c la y )  is  le f t  t o  o th e r  cu es .
T o  g e n e ra te  th e  fe a tu r e  v e c t o r  fo r  th is  cu e , w e  f ir s t  n eed  t o  g e n e r a te  th e  d o m in a n t
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c o lo u r  m a p  ( D C M ) o f  an  im a g e .  T h i s  in v o lv e s  s e v e r a l s tep s :
1 . C o l o u r  q u a n t i s a t i o n  o f  a n  im a g e  I .  Im a g e  c o lo u r  q u a n t is a t io n  is  a  p ro c e s s  fo r
r e d u c in g  th e  n u m b e r  o f  c o lo u rs  o f  a  d ig i t a l  c o lo u r  im a g e  [10 ]. K e y  fr a m e s  in  o u r  
d a ta b a s e  a r e  r e p r e s e n te d  in  R G B  c o lo u r  sp a ce . W e  h a v e  24  b i t s / p ix e l  im a g e s  
(8  b its  f o r  e a c h  c o m p o n e n t ) .  T h e  q u a n t is a t io n  is  d o n e  b y  e l im in a t in g  th e  le a s t 
s ig n if ic a n t  b its  o f  e a c h  c o lo u r  c o m p o n e n ts .  In  o u r  w o r k  w e  e l im in a te d  th e  fo u r  
le a s t  s ig n if ic a n t  b it s  o f  e v e r y  c o m p o n e n t .  T h is  g ro u p s  a l l  p o s s ib le  c o lo u rs  ( i .e .  
224)  in to  2 12 d if fe r e n t  c o lo u rs . T h e  o u t p u t  o f  th is  s te p  is  a  q u a n t is e d  v e r s io n  I q 
o f  th e  o r ig in a l  im a g e  I .
2 .  B u i l d  3 D  c o l o u r  h i s t o g r a m  f r o m  th e  q u a n t is e d  im a g e . In  o u r  ca s e  a  16 x  16 x  16
c o lo u r  c u b e  C  r e p r e s e n t in g  th e  im a g e  is  c r e a te d  u s in g  th e  q u a n t is e d  v e r s io n  o f  
e a ch  p ix e l .  E a c h  c e l l  in  th is  c u b e  r e p r e s e n ts  o n e  c o lo u r  v a lu e  (o u t  o f  p o s s ib le  
4 096  d i f fe r e n t  c o lo u r s ) .  E a c h  c e l l  in  C  m a in ta in s  a  c o u n t o f  th e  f r e q u e n c y  f o r  th e  
c o r r e s p o n d in g  c o lo u r  v a lu e  in  I q .
3 . P e a k  d e t e c t i o n  o f  t h e  g e n e r a te d  h is t o g r a m . T h e  p u rp o s e  is  t o  d e f in e  a  r e g io n  in
C  t h a t  c o n ta in s  t h e  d o m in a n t  c o lo u r  in  th e  im a g e . T o  a c h ie v e  th is ,  w e  e x a m in e  
e v e r y  p o s s ib le  3 x 3 x 3  c u b e  w i t h in  C .  T h e  c u b e  ( in d e x e d  b y  th e  c e n tr e  c e l l )  
w i t h  th e  m a x im u m  n u m b e r  o f  p ix e ls  is c h o s en  t o  r e p r e s e n t  t h e  d o m in a n t  c o lo u r  
r e g io n .
4 . L a b e l l i n g  t h e  DCM. A  DCM  is a  b in a r y  im a g e  id e n t ic a l  in  s iz e  t o  Iq. T h e
la b e l l in g  is  b a s ic a l ly  a  tw o -c la s s  c la s s if ic a t io n  ta s k  p e r fo r m e d  u s in g  th e  d o m in a n t  
c o lo u r  r e g io n  d e f in e d  in  th e  p r e v io u s  s te p . A  p ix e l  DCM(x,y) is c la s s if ie d  as  a  
d o m in a n t  c o lo u r  p ix e l  i f  a n d  o n ly  i f  t h e  c o r r e s p o n d in g  p ix e l  in  I q b e lo n g s  t o  th e  
d o m in a n t  c o lo u r  r e g io n  d e f in e d .  O th e r w is e ,  i t  is c la s s if ie d  as  n o n -d o m in a n t  c o lo u r  
p ix e l.
F ig u r e  4 .7  sh o w s  e x a m p le  im a g e s  r e p r e s e n t in g  globa l v ie w  o f  th r e e  d i f fe r e n t  s p o r ts  a n d  
th e  c o r r e s p o n d in g  d o m in a n t  c o lo u r  m a p .
T o  c o m p u te  th e  fe a tu r e  v e c t o r  f o r  d o m in a n t  c o lo u r  b a s ed  cu es, w e  f i r s t  d iv id e  DCM  
im a g e  in to  n in e  r e g io n s  as i l lu s t r a te d  in  F ig u r e  4 .8 . A  1 0 -D  v e c to r  is th e n  c o m p u te d
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(A) Snooker global-view
(B) Tennis global-view
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(C) Rugby global-view
F ig u r e  4 .7 : Images shouhng a global view of three sporting events (left column) and 
the corresponding dominant colour map (right column). Images belonging to the global 
view category are frequent in most of the sporting events. The dominant colour usually 
occupies the centre and the bottom of an image.
( f r o m  each  DCM)  c o n ta in in g  th e  d o m in a n t  c o lo u r  p ix e ls  r a t io  fo r  th e  w h o le  m a p  a n d  
th e  d o m in a n t  c o lo u r  p ix e ls  r a t io  fo r  e a ch  o f  th e  n in e  re g io n s . A  s u ita b le  t r a in in g  se t, 
w h ic h  c o n ta in  s a m p le  k e y  fr a m e s  r e p r e s e n t in g  g lo b a l  v ie w s  a n d  o th e r  v ie w s ,  is fo r m e d  
a n d  u sed  t o  t r a in  a  b o o s te d  d e c is io n  t r e e  c la s s if ie r . T h is  c la s s if ie r  is th e n  u sed  t o  
g e n e ra te  e v id e n c e s  o n  u n seen  k e y  fra m e s .
P e r f o r m a n c e
T o  d e m o n s t r a te  th e  b e n e f it s  o f  g e n e r a t in g  cu es  b a s ed  o n  th e  d o m in a n t- c o lo u r  in fo r m a ­
t io n ,  tw o  cu es  w e r e  g e n e ra te d .  T h e  f ir s t  is t r a in e d  t o  d e t e c t  global views in  S n o o k e r ,  
T e n n is  a n d  R u g b y . T h e  s e c o n d  is t r a in e d  t o  d e t e c t  snooker table. E x p e r im e n t a l  d a ta  
a n d  s e tu p s  a r e  as d e s c r ib e d  in  S e c t io n  4 .3 . T a b le  4 .2  sh o w s  th e  p e r fo r m a n c e  o f  th e
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Dominant colour 
region detector
Dominant j 
colour region rrfW
F ig u r e  4 .8 : The process of generating the measurement for the dominant colour cue.
global view cu e . T a b le  4 .3  sh o w s  th e  re s u lts  o b ta in e d  fo r  d e t e c t in g  snooker table fr a m e s
T a b le  4 .2 : The performance of the “global view” cue. The figures shows the overall 
classification rate of each setup and the recall rate and the precision of detecting “global 
view” frames.
E x p e r im e n ta l
S e tu p s
O v e r a l l  
C la s s i f ic a t io n  r a te
global view
R e c a l l P r e c is io n
S e tu p  1:
1 0%  t r a in in g ,  
9 0 %  te s t in g
9 2 . 4 % (±  0 .4 ) 9 0 .1 % (±  1 .4 ) 9 0 . 3 % (±  1 .6 )
S e tu p  2:
2 0 %  t r a in in g ,  
8 0 %  te s t in g
9 3 . 1 % (±  0 .5 ) 9 0 .9 % (±  1 .8 ) 9 1 . 3 % (±  1 .5 )
f r o m  a  s e t o f  a ll  global view f ra m e s . O n e  a d v a n ta g e  o f  th is  cu e  is t h a t  c o m p u ta t io n a l ly  
it  is q u it e  fa s t . T h u s  cu es  g e n e r a te d  u s in g  th is  m e th o d  ca n  b e  u sed  f ir s t  t o  s e rv e  as 
f i l t e r s  b e fo r e  o p e r a t in g  m o r e  s o p h is t ic a te d  cues.
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T a b le  4 .3 : T h e  p e r f o r m a n c e  o f  th e  “s n o o k e r  ta b le ”  c u e . T h e  f ig u re s  sh o w s  th e  o v e r ­
a ll c la ss ifica t io n  ra te  o f  each  s e tu p  a n d  th e  reca ll ra te  a n d  th e  p r e c is io n  o f  d e te c t in g  
“s n o o k e r  ta b le ” .
E x p e r im e n ta l O v e r a l l s n o o k e r  tab le
S e tu p s C la s s i f ic a t io n  r a te R e c a l l P r e c is io n
S e tu p  1:
1 0%  t r a in in g ,  
9 0 %  te s t in g
9 8 .7% (d =  0 .4 ) 9 8 . 3 % (±  1 .1 ) 9 8 .8 % (±  0 .9 )
S e tu p  2:
2 0 %  t r a in in g ,  
8 0 %  t e s t in g
9 9 .1 % (±  0 .4 ) 9 9 .0 % (±  0 .8 ) 9 9 .1 % (±  0 .6 )
4 .6 .2 .2  C u e  m e t h o d  b a s e d  o n  l i n e  i n f o r m a t i o n
L in e  m a rk s , t o g e th e r  w i t h  o th e r  g e o m e t r ic  s h a p e s  l ik e  c ir c le s  a n d  a rcs , a r e  u sed  fo r  
d e f in in g  th e  b o r d e r s  a n d  o th e r  im p o r t a n t  p a r t s  o f  p la y in g  f ie ld s .  F ig u r e  4 .9  sh o w s  
e x a m p le s  o f  p la y in g  f ie ld s  o f  fo u r  d i f fe r e n t  s p o r t  d is c ip lin e s :  te n n is ,  h o ck ey , f o o t b a l l  
a n d  ru g b y . In  te n n is  f o r  e x a m p le ,  lin es  o f  c e r t a in  le n g th  a n d  w id t h  a r e  u sed  t o  d e f in e  
th e  b o u n d a r y  o f  th e  c o u r t  a n d  th e  s e r v ic e  b o x  w it h in  th is  b o u n d a ry .  D e t e c t in g  th e s e  
l in e  a n d  c o l le c t in g  s o m e  in fo r m a t io n  a b o u t  th e m  (e .g .  n u m b e r  o f  lin e s  in  an  im a g e ,  th e  
o r ie n t a t io n  o f  th e  lin es , e t c . )  c a n  s e r v e  as  a  g o o d  cu e  t o  d is c r im in a t e  b e tw e e n  v a r io u s  
s p o r ts .  I t  a ls o  c a n  s e r v e  as a  g o o d  c u e  f o r  in fe r r in g  th e  p o s i t io n  o f  t h e  p la y  in  th e  f ie ld  
in  s o m e  s p o r t .  In  f o o t b a l l  f o r  e x a m p le  a  s in g le  v e r t ic a l  l in e  is  a  s t r o n g  c u e  t h a t  a  g lo b a l  
v i e w  im a g e  r e p re s e n ts  th e  m id d le  o f  a  f o o t b a l l  p it c h  w h i le  th r e e  p a r a l le l  lin e s  re p re s e n ts  
a  g lo b a l  v ie w  im a g e  o f  th e  g o a l  a rea . L in e  m a rk s  a r e  e x p lo i t e d  in  m a n y  e x is t in g  s y s te m s . 
In  G o n g  e t  a l. [24 ], o n e  o f  t h e  th r e e  m a jo r  p ro c e s s e s  in  t h e ir  s y s te m  w a s  f o o t b a l l  p it c h  
l in e  m a rk  r e c o g n it io n .  L in e  d e t e c t io n  w a s  a ls o  u sed  in  [17] f o r  d e t e c t in g  th e  p e n a lt y  
b o x  a r e a  in  f o o t b a l l  v id e o s .
T h e  fe a tu r e  v e c t o r  is c o m p u te d  u s in g  l in e  in fo r m a t io n  e x t r a c t e d  f r o m  th e  im a g e .  T h e  
in fo r m a t io n  e x t r a c t e d  is  th e  t o t a l  n u m b e r  o f  l in e s  in  t h e  im a g e  a n d  th e  o r ie n t a t io n  o f  
th e s e  lin es . T h e  f ir s t  s te p  in  c o m p u t in g  th e  fe a tu r e  v e c t o r  is  t o  d e t e c t  th e  l in e  s tru c tu re s  
in  a n  im a g e . T h is  c a n  b e  d o n e  u s in g  th e  H o u g h  t r a n s fo r m  [88]. F ir s t ,  th e  e d g e  m a p  
o f  th e  im a g e  is  c o m p u te d  u s in g  a  S o b e l  o p e r a to r .  T h e  H o u g h  t r a n s fo r m  is th e n  u sed
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c) Tennis Court 4) Football pitch
F ig u r e  4 .9 : T h e  lin e  m a rk in g  o n  f o u r  d if fe r e n t  p la y in g  areas. D ia g r a m  ( a )  sh o w s  a  
f ie ld  H o c k e y  p itch , d ia g ra m  ( b )  s h o w s  a R u g b y  fie ld , d ia g ra m  ( c )  sh o w s  a T e n n is  c o u r t  
a n d  d ia g ra m  ( d )  sh o w s  a F o o tb a ll  p itc h . D e t e c t in g  th e  l in e  m a rk in g  a n d  le a rn in g  th e ir  
o r ie n ta t io n  p r o v id e s  a u s e fu l  in f o r m a t io n  f o r  c la s s ify in g  sp orts .
o n  th e  e d g e  m a p  t o  o b t a in  th e  lin es . F ig u r e  4 .1 0  sh o w s  th e  p ro c e s s  o f  d e t e c t in g  lin es  
u s in g  th e  H o u g h  t r a n s fo rm .  F ig u r e  4 .11  s h o w s  s o m e  im a g e s  f r o m  fo u r  d i f fe r e n t  s p o r t  
d is c ip lin e s  a n d  th e  re su lts  o f  d e t e c t in g  l in e s  o n  th o s e  im a g e s . O n c e  lin e s  a r e  d e t e c te d ,  
w e  c o n s tru c t  a  l in e  o r ie n t a t io n  h is to g r a m . T h e  t o t a l  n u m b e r  o f  lin e s  a n d  th e  n u m b e r  
o f  lin e s  in  e a ch  b in  o f  th e  h is t o g r a m  a r e  th e n  u sed  t o  c r e a te  a  fe a tu r e  v e c to r .  S im ila r  
t o  t h e  d o m in a n t  c o lo u r  c u e  d e t e c to r ,  a  b o o s t e d  d e c is io n  t r e e  is t r a in e d  u s in g  a  t r a in in g  
s e t  c o n ta in in g  p o s i t iv e  a n d  n e g a t iv e  s a m p le  k e y  fra m e s .
P e r f o r m a n c e
T o  d e m o n s t r a te  th is  c u e  g e n e r a t io n  m e th o d ,  w e  t r a in e d  a  c u e  d e t e c t o r  t o  g e n e ra te  
e v id e n c e  a b o u t  th e  p r e s e n c e  o f  t e n n is  c o u r t  in  a n  im a g e  b a s e d  o n  its  l in e  in fo rm a t io n .  
W e  e x t r a c t  th is  cu e  f r o m  im a g e s  r e p r e s e n t in g  g lo b a l  v ie w s  o f  t h e  t h r e e  s p o r ts  d e s c r ib e d  
e a r l ie r .  T a b le  4 .4  sh o w s  th e  p e r fo r m a n c e  o f  th is  c u e  in  d e t e c t in g  te n n is  c o u r t  im a g e s .
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Inv. Hough Transform
F ig u r e  4 .10 : T h e  p ro ce ss  o f  d e te c t in g  l in e s  in  an  im a g e  u s in g  the H o u g h  tra n s fo rm .
O n e  p o in t  a g a in s t  th e  l in e -b a s e d  cu e  is th a t  i t  is c o m p u ta t io n a l ly  e x p e n s iv e .  H o w e v e r ,  i t  
c a n  b e  u sed  a f t e r  t e s t in g  fo r  o th e r  c o m p u ta t io n a l ly  e f f ic ie n t  cu es  (e .g .  d o m in a n t  c o lo u r  
c u e s ) g iv e n  th a t  c e r ta in  c o n d it io n s  a r e  m e t .  F o r  e x a m p le ,  w e  c a n  e x t r a c t  lin e -b a s e d  
c u e  f r o m  im a g e s  i f  a  g lo b a l  v ie w  cu e  f ir e d  o n  th o s e  im a g es .
4.7 Motion Cues
M o t io n  is a n o th e r  im p o r ta n t  s o u rc e  o f  in fo r m a t io n  u sed  t o  p r o v id e  v a lu a b le  cu es. M o ­
t io n  in fo r m a t io n  in  v a r io u s  fo rm s  h as  b e e n  d e p lo y e d  in  m a n y  e x is t in g  s y s te m s  a d d re s s in g
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(a ) Tennis (b ) Swimming
(c ) Snooker (d ) Football
F ig u r e  4 .11 : E x a m p le  o f  l in e s  d e te c ted  in  fr a m e s  b e lo n g in g  to  f o u r  s p o r t  d is c ip lin e s . I t  
is  c lea r  that s o m e  sp o r ts  h a ve  s o m e  c h a ra c te r is t ic  lin es  a rran gem ,en t. S w im m in g  f o r  
e x a m p le  is  ch a ra c te r is ed  be a large n u m b e r  o f  p a ra lle l lin es .
T a b le  4 .4 : T h e  p e r f o r m a n c e  o f  the “te n n is  c o u r t ” cu e . T h e  e v a lu a t io n  w a s  d o n e  based  
o n  d e te c t in g  “t e n n is  c o u r t ” f r o m  a s e t  o f  “globa l v i e w ”fra m e s .
E x p e r im e n ta l O v e r a l l te n n is  c o u r t
S e tu p s C la s s i f ic a t io n  r a te R e c a l l P r e c is io n
S e tu p  1:
1 0%  t r a in in g ,  
9 0 %  te s t in g
9 6 . 4 % (±  0 .4 ) 9 4 .9 %  ( ±  1 .4 ) 9 3 .0 % (±  1 .6 )
S e tu p  2:
2 0 %  t r a in in g ,  
8 0 %  te s t in g
9 6 .7 % (±  0 .4 ) 9 6 .4 % (±  1 .5 ) 9 2 .7 % (±  0 .9 )
s p o r t  v id e o  a n n o ta t io n .  In  [24 ], G o n g  e t  a l. u sed  b lo c k  m a tc h in g  m e th o d  fo r  m o t io n  
d e t e c t io n  f o r  th e  a u to m a t ic  p a r s in g  o f  f o o t b a l l  v id e o s . Z h o u  e t  a l. [94] u sed  m o t io n  
in fo r m a t io n  t o  d e v e lo p  ru le -b a s e d  c la s s if ic a t io n  s y s te m  a d d re s s in g  B a sk e tb a ll  v id e o s .
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T h e y  u sed  tw o  s ta t is t ic a l  m o t io n  d e s c r ip to r s :  d o m in a n t  m o t io n  d ir e c t io n  a n d  m o t io n  
m a g n itu d e  o f  t h e  m o t io n  v e c to r s .  K o b la  e t  a l. [41] u sed  m o t io n  in fo r m a t io n  as p a r t  o f  
a  s e t o f  fe a tu r e s  fo r  d is t in g u is h in g  s p o r ts  v id e o  c lip s  f r o m  o th e r  c lip s . V a r io u s  g lo b a l  
c a m e r a / o b je c t  m o t io n  s ta t is t ic s  w e r e  c o m p u te d  fo r  th is  p u rp o s e . K i j a k  e t  a l. [38] u sed  
m o t io n  in fo r m a t io n  t o  c a lc u la te  an  a c t iv i t y  m e a s u re  th a t  r e fle c ts  c a m e ra  m o t io n  fo r  
e a ch  s h o t .  T h e y  u sed  th is  m e a s u re , t o g e th e r  w it h  d o m in a n t  c o lo u r  in fo r m a t io n ,  t o  
id e n t i fy  globa l v ie w  sh o ts . M o s t  o f  th e s e  s tu d ie s  a d d re s s e d  a  s in g le  d is c ip lin e .  D i f fe r e n t  
s p o r ts  h a v e  d i f fe r e n t  p a t t e r n s  o f  o b je c t  a n d  c a m e ra  m o t io n .  F o r  e x a m p le ,  g lo b a l  v ie w  
s n o o k e r  s eq u en ces  a r e  u s u a lly  c h a ra c te r is e d  b y  v e r y  l i t t l e  o b je c t  m o t io n  a n d  a lm o s t  n o  
c a m e ra  m o t io n ,  w h i le  o b je c t  m o t io n  in  g lo b a l  v ie w  r u g b y  s eq u en ces  is q u it e  r a p id  as is 
th e  c a m e ra  m o t io n .  M o t iv a t e d  b y  th e s e  o b s e r v a t io n s ,  w e  p r o p o s e ,  in  th e  n e x t  s e c t io n , a  
s im p le  a n d  c o m p u ta t io n a l ly  fa s t  m o t io n  cu e  e x t r a c t io n  m e th o d  th a t  e s t im a te s  m o t io n  
a c t i v i t y  b e tw e e n  tw o  fr a m e s  in  th e  s a m e  sh o t.
4 . 7 . 1  M o t i o n  a c t i v i t y
A s  w e  s ta te d  in  e a r l ie r  s e c t io n s , g loba l v ie w s  a n d  w id e  v ie w s  r e p r e s e n t  a  s ig n if ic a n t  
p o r t io n  o f  m o s t  s p o r t  v id e o s . F ro m  th e  d o m in a n t  c o lo u r  e x a m p le s  s h o w n  in  4 .7 , w e  
o b s e r v e d  th a t  o b je c t s  w e r e  r e p r e s e n te d  as s m a ll b lo b s  in  th e  d o m in a n t  c o lo u r  r e g io n . 
C o m p a r in g  th e  p o s it io n  o f  th e s e  b lo b s  in  tw o  a d ja c e n t  fra m e s  c a n  b e  a  g o o d  in d ic a to r  
o f  b o th  c a m e ra  a n d  o b je c t  m o t io n .  S o m e  s p o r ts  h a v e  l i t t l e  m o t io n  a c t i v i t y  c o m p a r e d  t o  
o th e rs .  In  s n o o k e r  f o r  e x a m p le ,  s h o ts  r e p r e s e n t in g  g loba l v ie w s  h a v e , m o s t  o f  th e  t im e ,  
v e r y  l i t t l e  m o t io n  a c t iv i t y .  T h is  is  d u e  t o  v i r t u a l ly  n o  c a m e ra  m o t io n  a n d  th e  s m a ll 
s iz e  o f  th e  m a jo r i t y  o f  m o v in g  o b je c t s  ( s n o o k e r  b a lls ).  In  t e n n is , th e  c a m e ra  m o v e s  
in  g loba l v ie w  w h e n  a p la y e r  c lo s e  t o  th e  c a m e ra  m o v e s  t o  o n e  s id e  s id e s  o f  th e  c o u r t .  
O b je c t  m o t io n  in  t e n n is  is b a s ic a l ly  th e  m o v e m e n t  o f  th e  p la y e rs . In  ru g b y , c a m e ra  
a n d  o b je c t  m o t io n s  v a r y  d e p e n d in g  o n  w h a t  is h a p p e n in g  in  th e  g a m e . F o r  e x a m p le ,  
m o t io n  a c t iv i t y  in  s c r u m  is less  th a n  th a t  o f  a  ru n .
T o  g e n e ra te  th e  fe a tu r e  v e c to r  w i t h  m o t io n  a c t i v i t y  c u e  e x t r a c t io n  m e th o d ,  w e  f ir s t  
n eed  t o  c o m p u te  th e  m o t io n  a c t iv i t y  m a p  ( M A M ) .  T h e  M A M  is g e n e r a te d  f r o m  th e
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d o m in a n t  c o lo u r  m a p  in fo r m a t io n  ( i .e .  D C M )  o f  tw o  fra m e s  as fo l lo w s :
— 1 i f  D C M t ( x , y )  =  0 a n d  D C M t + i ( x , y )  —  1 
M A M ( x , y )  =   ^ -+-1 i f  D C M t ( x , y )  =  1 a n d  D C M t + \ ( x , y )  =  0 
0  o t h e r w i s e
F ig u r e  4 .1 2  sh o w s  th e  s te p s  n e e d e d  t o  o b t a in  th e  ( M A M )  u s in g  t h e  d o m in a n t  c o lo u r  
in fo r m a t io n  o f  tw o  fr a m e s . F ig u r e  4 .1 3  sh o w s  s o m e  e x a m p le s  o f  th e  M A M  o f  fr a m e s  
s e le c te d  f r o m  fo u r  d i f fe r e n t  s p o r ts .  A s  w e  c a n  see  f r o m  th e  g e n e r a te d  M A M s ,  s n o o k e r  
h as  v e r y  l i t t l e  m o t io n .  M o t io n  a c t i v i t y  is  h ig h e r  w h e n  th e  c a m e ra  is  c lo s e  t o  th e  s u b je c ts  
as w e  ca n  see  in  F ig u r e  4 .1 3 (e ) .  A ls o  w e  c a n  see  th a t  s p o r ts  d i f f e r  in  th e  n u m b e r  o f  
m o v in g  o b je c ts :  tw o  in  F ig u r e  4 .1 3 (a ) ,  o n e  in  F ig u r e  4 .1 3 (c )  a n d  m a n y  in  F ig u r e  4 .1 3 (g ) .  
O n c e  th e  M A M  is c o m p u te d ,  w e  d iv id e  th e  M A M  im a g e  in to  n in e  r e g io n s  as s h o w n  
in  F ig u r e  4 .12 . A  1 0 -D  fe a tu r e  v e c t o r  is  th e n  c o m p u te d  c o n ta in in g  th e  m o t io n  p ix e ls  
r a t io  in  th e  M A M  a n d  th e  m o t io n  p ix e ls  r a t io  f o r  e a ch  o f  t h e  n in e  r e g io n s  (a s  w e  d id  
in  c o m p u t in g  th e  fe a tu r e  v e c t o r  fo r  th e  d o m in a n t  c o lo u r  cu e  m e th o d ) .  T o  t r a in  m o t io n  
a c t i v i t y  b a s e d  c u e  d e t e c to r ,  w e  a g a in  u se  th e  s im p li f ie d  f r a m e w o r k  i l lu s t r a te d  in  F ig u r e  
4 .6  b y  p r o v id in g  s u ita b le  t r a in in g  se ts  a n d  a  m a c h in e  le a rn in g  a lg o r i th m .
4 .7 .1 .1  P e r f o r m a n c e
T o  e v a lu a t e  th e  p e r fo r m a n c e  o f  th e  m o t io n  a c t i v i t y  cu e  m e th o d ,  th r e e  cu e  d e t e c to r s  w e r e  
c r e a te d  a n d  t r a in e d :  o n e  f o r  d e t e c t in g  s n o o k e r  g lo b a l  v i e w  s e g m e n ts ,  o n e  fo r  d e t e c t in g  
t e n n is  g lo b a l  v i e w  s e g m e n ts  a n d  o n e  f o r  d e t e c t in g  r u g b y  g lo b a l  v i e w  s eg m en ts . T h e  
th r e e  cu e  d e t e c to r s  w e r e  u sed  t o  d e t e c t  t h e  c o r r e s p o n d in g  cu es  in  th e  d a t a  d e s c r ib e d  in  
S e c t io n  4 .3 . T a b le  4 .5  sh o w s  th e  p e r fo r m a n c e  o f  th e  s n o o k e r  cu e . W e  n o t ic e d  t h a t  b y  
in c r e a s in g  th e  t r a in in g  s e t  s iz e , t h e  r e c a l l  r a t e  d id  n o t  c h a n g e  s ig n if ic a n t ly .  H o w e v e r ,  
p r e c is io n  d id  im p r o v e  s ig n if ic a n t ly .  T h is  is  b e c a u s e  th e  c a m e ra  m o t io n  is  v e r y  lo w  as 
th e  ca se  w i t h  m o v in g  o b je c ts .  T a b le  4 .6  a n d  T a b le  4 .7  sh o w s  th e  r e s u lt  o f  t e n n is  a n d  
r u g b y  cu es  r e s p e c t iv e ly .  U n l ik e  sn o o k e r , r u g b y  a n d  t e n n is  r e c a l l  a n d  p r e c is io n  ra te s  a re  
s ig n i f ic a n t ly  im p r o v e d  b y  p r o v id in g  m o r e  t r a in in g  s a m p le s , as th e  m o t io n  a c t iv i t ie s  fo r  
b o t h  c a m e ra s  a n d  o b je c t s  in  th e s e  tw o  s p o r t  a r e  m o r e  s o p h is t ic a te d .
B e s id e  d is c r im in a t in g  b e tw e e n  v a r io u s  s p o r ts  t h a t  h a v e  d i f fe r e n t  m o t io n  p a t t e r n s ,  th is
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T a b le  4 .5 : T h e  p e r f o r m a n c e  o f  th e  “s n o o k e r ”  c u e  based  o n  th e  m o t io n  a c t iv ity .
E x p e r im e n t a l O v e r a l l s n o o k e r
S e tu p s C la s s i f ic a t io n  r a te R e c a l l P r e c is io n
S e tu p  1:
1 0 %  t r a in in g ,  
9 0 %  t e s t in g
9 3 .8 % (±  2 .3 ) 9 5 . 7 % (±  3 .3 ) 9 1 .9 % (±  4 .6 )
S e tu p  2:
2 0 %  t r a in in g ,  
8 0 %  te s t in g
9 4 .9 % (±  1 .3 ) 9 5 . 0 % (±  1 .9 ) 9 4 . 6 % (±  3 .5 )
T a b le  4 .6 : T h e  p e r f o r m a n c e  o f  th e  “t e n n i s ” c u e  based  o n  th e  m o t i o n  a c t iv ity .
E x p e r im e n ta l O v e r a l l t e n n is
S e tu p s C la s s if ic a t io n  r a te R e c a l l P r e c is io n
S e tu p  1:
1 0 %  t r a in in g ,  
9 0 %  t e s t in g
9 1 .0 % (±  2 .9 ) 8 5 . 5 % (±  9 .1 ) 8 2 . 3 % (±  7 .3 )
S e tu p  2:
2 0 %  t r a in in g ,  
8 0 %  t e s t in g
9 4 .7 %  ( ±  1 .9 ) 9 2 .2 % (±  3 .7 ) 8 8 . 4 % (±  4 .1 )
T a b le  4 .7 : T h e  p e r fo w n a n c e  o f  th e  “r u g b y ” c u e  based  o n  the m o t io n  a c t iv ity .
E x p e r im e n t a l O v e r a l l ru g b y
S e tu p s C la s s i f ic a t io n  r a t e R e c a l l P r e c is io n
S e tu p  1:
1 0 %  t r a in in g ,  
9 0 %  t e s t in g
8 9 . 3 % (±  2 .2 ) 7 7 .6 % (±  8 .6 ) 8 1 . 6 % (±  7 .8 )
S e tu p  2:
2 0 %  t r a in in g ,  
8 0 %  t e s t in g
9 2 .5 % (±  1 .8 ) 8 2 . 5 % (±  4 .6 ) 8 8 .4 % (±  6 .6 )
c u e  g e n e r a t io n  m e th o d  is  u s e fu l f o r  t r a in in g  cu es  t o  d e t e c t  s o m e  c h a ra c te r is t ic  e v e n ts  
(e .g .  c h ip -a n d -c h a r g e  in  t e n n is ) .
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4.8 Conclusion
In  th is  c h a p te r ,  w e  d e s c r ib e d  th e  p r e p r o c e s s in g  s te p s  w e  p e r fo r m e d  o n  ra w  v id e o  d o c ­
u m en ts . T h e  a im  w a s  t o  re a c h  a  c o m p a c t  y e t  e f f ic ie n t  r e p r e s e n ta t io n  o f  th e  r a w  v id e o  
th a t  c a n  w i l l  b e  th e  in p u t  t o  la t e r  s ta g e s . W e  f ir s t  d is cu ssed  th e  t e m p o r a l  s e g m e n ­
t a t io n  o f  v id e o  t o  s h o ts  a n d  r e p r e s e n t in g  th e m  in  te rm s  o f  k e y  fra m e s . W e  d is cu ssed  
th e  c o n c e p t  o f  s e m a n t ic  cu es , its  a d v a n ta g e s  a n d  d e s c r ib e d  th e  p ro c e s s  fo r  g e n e r a t in g  
cu e  e v id e n c e s . W e  d e s c r ib e d  s o m e  e x is t in g  c u e  g e n e ra t io n  m e th o d s  d e v e lo p e d  as p a r t  
o f  th e  A S S A V I D  p r o je c t .  W e  p r o p o s e d  a  n u m b e r  o f  cu e  g e n e r a t io n  m e th o d  b a s ed  o n  
d o m in a n t  c o lo u r  in fo r m a t io n ,  lin es  in fo r m a t io n  a n d  m o t io n  a c t i v i t y  in fo r m a t io n .  W e  
d e m o n s tr a te d  th e  e ffe c t iv e n e s s  o f  e a ch  m e th o d  th r o u g h  a  s e t o f  e x p e r im e n ts  c o n d u c te d  
o n  a  d a ta b a s e  c o m p r is in g  th r e e  s p o r t  d is c ip lin e s .  In  th e  n e x t  tw o  c h a p te r s  w e  a d d re s s  
in  d e t a i l  th e  r e m a in in g  s ta g e s  o f  th e  p r o p o s e d  s y s te m . In  th e  n e x t  c h a p te r ,  w e  d iscu ss  
c la s s ify in g  s h o ts  b y  c o m b in in g  cu es  e x t r a c t e d  f r o m  th e m .
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F ig u r e  4 .12 : T h e  p ro ce ss  o f  g e n e ra t in g  the m o t io n  m a p  f r o m  tw o  k ey  fr a m e s . T h e  
m o t io n  m a p  ca p tu re s  both  m o t io n  o f  the o b je c ts  in  th e  s c e n e  as w e ll  as the ca m era  
m o t io n .  I n  th is  ex a m p le , w e  n o t ic e  th a t o n ly  the t e n n is  p la y e r s  a re m o v in g .  C a m e r a  
m o t io n  is  a lm o s t  n o n -e x is t e n t .
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F ig u r e  4 .13 : F o u r  e x a m p le s  o f  m o t io n  a c t iv i ty  m a p s  ( M A M )  c o m p u te d  f r o m  fr a m e s  
s e le c ted  f r o m  f o u r  d if fe r e n t  sp o rts . A s  w e  ca n  see  from , the g e n e ra te d  M A M s ,  S n o o k e r  
has v e r y  little  m o t io n .  M o t i o n  a c t iv i ty  is  h ig h e r  w h en  the c a m e ra  is  c lo s e  to  the s u b je c ts  
as w e  can  see  in  ( e ) .  A l s o  w e  ca n  see  th a t sp o rts  d if fe r  in  the n u m b e r  o f  m o v in g  o b je c ts  
tw o  in  (a ) ,  o n e  in  ( c )  a n d  m a n y  in  ( g )  a n d  th e ir  s izes .
C h a p t e r  4. V i d e o  S t r e a m  P r e p r o c e s s in g
Chapter 5
S t a g e  2 :  S h o t  C l a s s i f i c a t i o n
5.1 Introduction
I n  th e  p r e v io u s  c h a p te r ,  w e  d is c u s se d  th e  p r e p r o c e s s in g  s te p s  p e r fo r m e d  t o  d e a l w i t h  
th e  s iz e  a n d  th e  o r g a n is a t io n  o f  r a w  v id e o  m a te r ia l .  T h e  d is c u s s io n  a d d re s s e d  th e  
t e m p o r a l  s e g m e n ta t io n  o f  v id e o  in to  s h o ts  a n d  th e  a n n o ta t io n  o f  th e s e  s h o ts  in  te rm s  
o f  s e m a n t ic  cu es. B a s e d  o n  th e  o u tp u t  o f  th e  c u e  d e te c to r s ,  p r e s e n te d  in  th e  fo r m  o f  
a  cu e  v e c to r ,  h ig h e r  le v e l  a n a ly s is  o p e r a t io n s  c a n  b e  c o n d u c te d  o n  th e  v id e o .  I n  th is  
c h a p te r ,  w e  d iscu ss  th e  n e x t  s ta g e  o f  t h e  p r o p o s e d  s y s te m . T h is  s ta g e  is  c o n c e rn e d  
w i t h  th e  c la s s if ic a t io n  o f  s p o r t  v id e o  s h o ts  in t o  p r e d e f in e d  s e t o f  c a te g o r ie s .  T h is  s e t  is 
fo r m e d  b a s e d  o n  th e  o b s e r v a t io n  th a t ,  as d e s c r ib e d  in  C h a p te r  2, m o s t  s p o r t  v id e o s  a re  
c o m p o s e d  o f  c e r t a in  t y p e s  o f  s h o ts  (e .g .  g lo b a l  v ie w s ,  c r o w d , ... e t c ) .  T h e s e  d if fe r e n t  
s h o t  t y p e s  a r e  u sed  b y  p r o d u c e r s  t o  c o n v e y  c e r t a in  s em a n tic s . I f  d e t e c te d ,  t h e y  c a n  b e  
u sed  f o r  v id e o  r e t r ie v a l  a n d  h ig h - le v e l  v id e o  a n a ly s is .
In  th e  l i t e r a tu r e ,  s h o ts  c la s s if ic a t io n  h as  b e e n  p e r fo r m e d  in  m a n y  d i f fe r e n t  w a y s . M o s t  
o f  th e s e  a p p ro a c h e s  a d d re s s e d  a  s in g le  d is c ip l in e  a n d  m a in ly  u sed  lo w - le v e l  fe a tu r e s  
as in p u t .  I n  o u r  ca se , v id e o  s h o ts  a r e  r e p r e s e n te d  b y  th e  o u tp u t  o f  t h e  d i f fe r e n t  cu e  
e x t r a c t io n  m e th o d s .  A c c o r d in g ly ,  w e  p r o p o s e  a  h ie r a rc h ic a l s h o t  c la s s if ic a t io n  s o lu t io n  
th a t  is  fo u n d e d  o n  th e  c o n c e p t  o f  cu es. In  th is  s o lu t io n , w e  u se  d a t a  m in in g  te c h n iq u e s  
o n  a  g r o u n d - t r u th e d  d a ta b a s e  t o  f in d  p a t t e r n s  a n d  d is c o v e r  r e la t io n s h ip s  b e tw e e n  cu es  
( in p u t )  a n d  s h o t  t y p e s  ( la b e ls ) .  T h is  le a d s  t o  th e  in fe r e n c e  o f  c la s s if ic a t io n  ru le s  t h a t
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a l lo w  th e  p r e d ic t io n  o f  th e  la b e l  o f  a n  u n seen  s h o t ,  f r o m  its  d e s c r ip t io n s  in  te rm s  o f  
cues. F o r  b u i ld in g  th e  c la s s if ic a t io n  m o d e l ,  w e  o p t e d  f o r  a  b o o s t e d  v e r s io n  o f  a  d e c is io n  
t r e e  le a rn in g  a lg o r ith m . In  c o n t r a s t  t o  m a n y  e x is t in g  s h o t  c la s s if ie r s , th e  p r o p o s e d  o n e  
is  d e s ig n e d  t o  h a n d le  m a te r ia l  w i t h  m u lt i - d is c ip l in a r y  c o n te n t .  M o r e o v e r ,  t h e  c la s s if ie r  
h as  th e  a d v a n ta g e  o f  b r e a k in g  d o w n  a  c o m p le x  d e c is io n -m a k in g  p ro c e s s  in t o  a  c o l le c t io n  
o f  s im p le r  d e c is io n s  a n d  th e  f l e x ib i l i t y  o f  c h o o s in g  o n ly  a  s u b se t o f  a v a i la b le  cu es  fo r  
e a ch  s u b -p r o b le m  a n d  th u s  a v o id in g  u n n e ce ss a ry  c o m p u ta t io n .
T h e  c h a p te r  is  o r g a n is e d  as fo l lo w s .  In  th e  n e x t  s e c t io n  w e  p r e s e n t  a  r e v ie w  o f  s o m e  
e x is t in g  s p o r t  s h o t  c la s s if ic a t io n  a lg o r ith m s .  I n  S e c t io n  5 .3 , w e  d iscu ss  h o w  s h o ts  a re  
c la s s if ie d  u s in g  th e ir  cu e  r e p r e s e n ta t io n .  D e c is io n  t r e e  c la s s if ie r s  a r e  d e s c r ib e d  in  d e t a i l  
in  S e c t io n  5.4 . In  S e c t io n  5 .5  w e  d iscu ss  a n o th e r  p o s s ib le  a p p ro a c h  fo r  b u i ld in g  a  
cu e -b a se d  s h o t  c la s s if ie r  in  w h ic h  a  n u m b e r  o f  s im p le  c la s s if ie r s  a r e  a s s e m b le d  in to  
a  c o m p o s it e  c la s s if ie r  t o  s o lv e  m o r e  c h a lle n g in g  c la s s if ic a t io n .  E x p e r im e n t a l  re su lts  
th a t  d e m o n s t r a te  t h e  p e r fo r m a n c e  o f  t h e  c u e -b a s e d  s p o r t  s h o t  c la s s if ic a t io n  s y s t e m  a re  
r e p o r t e d  in  S e c t io n  5 .6 . F in a l ly ,  w e  c o n c lu d e  th is  c h a p te r  in  S e c t io n  5.7.
5.2 Shot Classification: Literature Review
I n  t l i e  l i t e r a tu r e ,  th e  im p o r ta n c e  o f  s h o t  c la s s if ic a t io n  as  p a r t  o f  s p o r t  v id e o  a n a ly ­
s is  s y s te m  h as  b e e n  a c k n o w le d g e d .  In  m a n y  e x is t in g  s y s te m s , s o m e  f o r m  o f  s h o t  (o r  
s e g m e n t  in  s o m e  c a s e s ) c la s s if ic a t io n  is a n  e s s e n t ia l p a r t  o f  t h e  s y s te m .
O n e  im p o r ta n t  m o d u le  in  [8] is  th e  s h o t  id e n t i f ie r .  T h e y  u se  l in e  in fo r m a t io n  t o  id e n t i f y  
to u c h d o w n  s eq u en ces  in  A m e r ic a n  f o o t b a l l  v id e o s .
I n  th e ir  c o n te n t-b a s e d  r e t r ie v a l  f o r  te n n is  v id e o s ,  S u d l i ir  e t  a l. [81] u se  a  tw o -c la s s  c la s ­
s i f ie r  fo r  d e t e c t in g  th o s e  s e g m e n ts  t h a t  c o n ta in  te n n is  c o u r t  fr a m e s . C o lo u r  in fo r m a t io n  
is u sed  t o  p e r fo r m  th e  c la s s if ic a t io n .
K a w a s h im a  e t  a l. [36] p r o p o s e d  a  s y s t e m  t o  in d e x  b a s e b a ll  t e le c a s t  f o r  c o n te n t-b a s e d  
v id e o  r e t r ie v a l .  T h e  f ir s t  s ta g e  o f  t h e ir  s y s te m  is d e s ig n e d  t o  d e t e c t  d o m a in -s p e c i f ic  
s cen es  (o r  w h a t  t h e y  c a l l  b a s ic  s c e n e ) in  a  b a s e b a ll  v id e o  b a s e d  o n  im a g e  s im ila r it y .
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T h e  id e a  is  t o  e x t r a c t  c o lo u r  t e m p la t e s  f o r  e a c h  b a s ic  s ce n e  a n d  c o m p a r e  th e  c o lo u r  
fe a tu r e s  o f  a  f r a m e  w i t h  e a c h  o f  th e s e  te m p la t e s .
L i  e t  a l. in  [48] re lie s  o n  s h o t  t y p e  c la s s if ic a t io n  fo r  t h e  d e t e c t io n  o f  p la y / b r e a k  s e g m e n ts  
in  A m e r ic a n  fo o tb a l l ,  b a s e b a l l  a n d  S u m o  w r e s t l in g  v id e o s .  T h e y  u sed  c o lo u r , m o t io n  
a n d  s h a p e  in fo r m a t io n  t o  d e t e c t  s h o ts  th a t  u s u a lly  a p p e a r  a t  t h e  s t a r t  o f  th e  p la y .
A s  p a r t  o f  a  s y s te m  fo r  f o o t b a l l  v id e o  s e g m e n ta t io n ,  th e  a u th o rs  in  [91] e m p lo y e d  a  
v i e w  c la s s if ie r  t o  c la s s ify  fr a m e s  in to  th r e e  k in d s  o f  v ie w s  (g lo b a l ,  z o o m - in  a n d  c lo s e -  
u p )  a c c o r d in g  t o  t h e  v id e o  z o o m  s e t t in g s .  T h e y  u sed  th e  r a t io  o f  g ra s s -c o lo u re d  p ix e ls  
t o  th e  f r a m e  s iz e  as a  fe a tu r e .
C h a n g  e t  a l. in  [6] p e r fo r m e d  s h o t  c la s s if ic a t io n  as p a r t  o f  a  s ta t is t ic a l  m e th o d  t o  d e t e c t  
h ig h lig h ts  in  a  b a s e b a ll  g a m e  v id e o .  I n  th e ir  fr a m e w o rk ,  a  s h o t  w a s  c la s s if ie d , u s in g  
c a m e ra  m o t io n ,  c o lo u r  in fo r m a t io n  a n d  e d g e  fe a tu r e s ,  in to  o n e  o f  s e v e n  p r e d e f in e d  c a t ­
e g o r ie s  (p i t c h  v ie w ,  c a tc h  o v e r v ie w ,  c a tc h  c lo s e u p , ru n n in g  o v e r v ie w ,  ru n n in g  c lo s e u p , 
a u d ie n c e  v i e w  a n d  to u c h -b a s e  c lo s e u p ).  A  B a y e s ia n  c la s s if ie r  w a s  e m p lo y e d  t o  p e r fo r m  
t h e  c la s s if ic a t io n .
S h o t  t y p e  c la s s if ic a t io n  w a s  e m p lo y e d  in  [37] f o r  s t ru c tu re  a n a ly s is  o f  te n n is  v id e o s .  
V is u a l  fe a tu r e s  w e r e  u sed  t o  c la s s ify  s h o ts  in to  fo u r  s h o t  ty p e s :  g lo b a l ,  m e d iu m , c lo s e - 
u p  a n d  a u d ie n ce .
In  E l f in  e t  a l. [15 ], th r e e  c la sses  o f  s h o ts  w e r e  d e f in e d :  lo n g  sh o t , i n -f i e ld  m e d iu m  sh o t  
a n d  c l o s e u p /o u t -  o f -f ie ld  sh ot. T h e  a s s ig n m e n t  o f  th e  s h o t  t o  o n e  o f  th e s e  c la sses  w a s  
d o n e  u s in g , as a  fe a tu r e ,  t h e  f ie ld  c o lo u r e d  p ix e l  r a t io  in  a  fr a m e .  A  s e t  o f  th r e s h o ld s  
f o r  t h e  th r e e  v ie w s  w e r e  d e f in e d  f o r  e a c h  s p o r t  ( f o o t b a l l  a n d  b a s k e tb a l l ) .  A  B a y e s ia n  
c la s s if ie r  w a s  th e n  e m p lo y e d  t o  a s s ig n  th e  fe a tu r e  v e c to r ,  c o m p u te d  u s in g  th e  d e f in e d  
s e t  o f  th r e s h o ld s ,  t o  o n e  o f  t h e  th r e e  c la sses .
K a n g  e t  a l. [35] a ls o  a d d re s s e d  th e  la b e l l in g  o f  v id e o  s e g m e n ts  in to  w h a t  t h e y  c a l le d  
v is u a l  k ey w o rd s  (w h ic h  a r e  b a s ic a l ly  t h e  t y p e  o f  f r a m in g  u sed  in  r e c o r d in g  a n y  e v e n t ) .
In  [34 ], th e  a u th o rs  d e f in e d  th r e e  v i e w  c a te g o r ie s :  lo o s e  v ie w ,  m e d iu m  v ie w  a n d  t ig h t  
v i e w  a n d  c la s s ify  k e y  f r a m e s  in to  th e s e  th r e e  c a te g o r ie s .  T h e  f ie ld - c o lo u r e d  p ix e l  r a t io  
w a s  u sed  as a  fe a tu r e  t o  p e r fo r m  th e  c la s s if ic a t io n .
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M o s t  o f  th e s e  s y s te m s  w e r e  d e s ig n e d  t o  h a n d le  a  s in g le  d is c ip l in e .  A n o t h e r  l im it a t io n  
is  th e  u se  o f  lo w - le v e l  fe a tu r e s  s in c e  th e y  r e la t e  d i r e c t ly  t o  t h e  p r o p e r t ie s  o f  t h e  d a ta .  
In  o u r  ca se , a n d  in  c o n t ra s t  t o  r e p o r t e d  m e th o d s ,  v id e o  s h o ts  a r e  r e p r e s e n te d  b y  th e  
o u tp u t  o f  th e  d i f fe r e n t  cu e  g e n e r a t io n  m e th o d s .  C u es , as w e  h a v e  s e e n  in  th e  p r e v io u s  
c h a p te r ,  o f fe r  a  h ig h e r  le v e l  r e p r e s e n ta t io n  w h ic h  is  a p p l ic a t io n  d o m a in  s p e c if ic .
5.3 Semantic Cues and Shot Classification
A s  m e n t io n e d  e a r l ie r ,  w e  w i l l  u se  th e  s e m a n t ic  a n n o ta t io n  o f  e a c h  s h o t  in  t e r m s  o f  cu es  
t o  d o  th e  la b e l l in g .  A  s e t  o f  t y p ic a l  s h o t  t y p e s  (o r  v ie w s )  is  d e f in e d .  T h is  s e t is b a s e d  
o n  th e  o b s e r v a t io n  th a t  s p o r t  v id e o s  a r e  c o m p o s e d  o f  c h a ra c te r is t ic  r e p e t i t i v e  v ie w s  as 
w e  d iscu ss  e a r l ie r  in  C h a p te r  2. T h e r e fo r e ,  t h e  c la s s if ic a t io n  ta s k  a t  h a n d  is t o  c la s s ify  
a  s h o t  S i  r e p r e s e n te d  b y  a  v e c t o r  S i  =  (C \ ,C \ ,  • • • w h e r e  C lm  is  c o m p u te d  u s in g
E q u a t io n  4 .6 , in to  o n e  o f  K  s h o t  t y p e s  V  — { V j ,  V 2 , ■ • •,  V k } .  T h a t  is , w e  w is h  t o  
e s t im a te  th e  a  p o s t e r io r i  p r o b a b i l i t y  P (V j \ S { ) .  T h is  c a n  b e  w r i t t e n  as:
rm s ,) = P(v,|cj,q, • ,cy (5.1)
T h e r e  a r e  a  n u m b e r  o f  issu es  a r is in g  w i t h  t h e  c u e -b a s e d  a p p ro a c h :
D i m e n s i o n a l i t y  In  th is  th e s is  w e  a r e  a d d re s s in g  m u lt id is c ip l in a r y  e v e n ts  w h ic h  m e a n s  
th a t  m a n y  cu es  a n d  c lasses  e x is t .  T h is  c a n  le a d  t o  th e  p r o b le m  o f  h ig h  d im e n ­
s io n a lity .  T h e  c la s s if ie r  d e s ig n  s h o u ld  ta k e  m e a s u re s  t o  a v o id  th is  p r o b le m .
A c c u r a c y  T h e r e  a r e  d i f fe r e n t  c u e  e x t r a c t io n  m e th o d s  th a t  a r e  u sed  t o  g e n e ra te  th e  
v a r io u s  s e m a n t ic  cu es. T h e  a c c u ra c y  o f  t h e  cu es  v a r ie s  d e p e n d in g  o n  th e  m e th o d  
a n d  lo w - le v e l  fe a tu r e s  u sed . T h e  d is c r im in a t iv e  p o w e r  o f  cu es  c a n  b e  s ig n i f ic a n t ly  
e n h a n c e d  i f  t h e y  a re  c o m b in e d  [40].
D i f f i c u l t y  o f  t h e  c l a s s i f i c a t i o n  t a s k  S h o t  t y p e s  v a r y  in  th e ir  d i f f ic u l t y  o f  c la s s if ic a ­
t io n .  S o m e  v ie w s  a re  e a s y  t o  d e t e c t  a n d , th e r e fo r e ,  o n ly  a  f e w  cu es  m ig h t  b e  
n e e d e d  t o  la b e l  s h o ts  r e p r e s e n t in g  th o s e  v ie w s .  O th e r  v ie w s  a r e  m o r e  c h a lle n g in g  
a n d  m ig h t  r e q u ir e  m o r e  p ro c e s s in g .
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B a s e d  o n  th e s e  issu es , w e  o p t e d  f o r  th e  u se  o f  a  h ie r a rc h ic a l s t r u c tu r e  f o r  t h e  s h o t  
c la s s if ie r . A  h ie r a r c h ic a l d e c o m p o s it io n  o f  a  c la s s if ic a t io n  p r o b le m  a llo w s  fo r  e ff ic ie n c ie s  
in  b o t h  le a rn in g  a n d  r e p r e s e n ta t io n  [14 ]. W e  a d o p t  d e c is io n  t r e e  c la s s if ie r s  t h a t  a r e  o n e  
a t t r a c t iv e  a p p ro a c h  t o  m u lt is ta g e  d e c is io n  m a k in g .  D e c is io n  t r e e s  h a v e  b e e n  s h o w n  t o  
b e  e f f ic ie n t  a n d  e f f e c t iv e  f o r  c la s s if ic a t io n  [31 ]. I n  th e  n e x t  s e c t io n , w e  d e s c r ib e  d e c is io n  
t r e e  in  d e ta i l .
5.4 Decision Trees
D e c is io n  t r e e  le a rn in g  is  o n e  p o p u la r  m e th o d  fo r  in d u c t iv e  in fe r e n c e  [60 ]. I t  h as  b e e n  
s u c ce s s fu lly  e m p lo y e d  in  m a n y  r e a l-w o r ld  a p p l ic a t io n s  t o  s o lv e  a  b r o a d  r a n g e  o f  c la s s if i­
c a t io n  ta sk s  in c lu d in g  r e m o te  s e n s in g  [22, 64 ], c h a ra c te r  r e c o g n it io n  [2 ], e x p e r t  s y s te m s  
[82 ], m e d ic a l  e x p e r t  s y s te m s  [85 , 9 6 ], a n d  m a n y  o th e rs .  In  th is  s e c t io n  w e  d e s c r ib e  d e c i­
s io n  tr e e s  a n d  w h y  th e y  a r e  c h o s en  t o  r e a l is e  th e  fu n c t io n a l i t y  o f  th e  s h o t  c la s s if ic a t io n  
s ta g e .
5 . 4 . 1  W h y  D e c i s i o n  T r e e s ?
D e c is io n  t r e e s  c la s s if ie r s  a r e  a n  a t t r a c t iv e  o p t io n  fo r  th e  fo l lo w in g  re a s o n s  [64, 78, 87 ]:
•  T h e i r  c o n c e p tu a l s im p l ic i t y  a n d  c o m p u ta t io n a l  e ff ic ie n cy .
•  T h e y  o f f e r  a n  e f f e c t iv e  im p le m e n ta t io n  o f  h ie r a r c h ic a l c la s s if ie r  a r c h ite c tu r e .
•  T h e y  d e m o n s t r a te d  g o o d  g e n e r a l is a t io n  p e r fo r m a n c e  o n  a  w id e  v a r ie t y  o f  p r o b ­
lem s .
•  C o m p le x i t y  r e d u c t io n :  t h e ir  c a p a b i l i t y  t o  b r e a k  d o w n  a  c o m p le x  d e c is io n -m a k in g  
p ro c e s s  in to  a  c o l le c t io n  o f  s im p le r  d e c is io n s ; th u s  p r o v id in g  a  s o lu t io n  w h ic h  is 
o f t e n  e a s ie r  t o  in te r p r e t .
•  A u t o m a t ic  fe a tu r e  (c u e )  s e le c t io n :  t h e  f l e x ib i l i t y  o f  c h o o s in g  d i f fe r e n t  s u b se ts  o f  
cu es  a t  d i f fe r e n t  in te rn a l  n o d e s  o f  t h e  t r e e  t o  d is c r im in a t e  a m o n g  th e  c lasses  in  
th a t  n o d e .  In  m a n y  cases  th is  c a n  le a d  t o  u s in g  a  m u ch  s m a lle r  s e t o f  cu es  fo r
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ea c h  s u b -p ro b le m . T h e r e fo r e ,  o n ly  a  s u b s e t  o f  th e  o r ig in a l  c u e  s e t  n e e d  t o  b e  
e s t im a te d  w h ic h  m e a n s  e l im in a t in g  u n n e ce ss a ry  c o m p u ta t io n .
5.4.2 W h at are Decision Trees?
A  d e c is io n  t r e e  is  a  s u p e r v is e d  c la s s if ie r . B e in g  a  s u p e r v is e d  c la s s if ie r  m e a n s  t h a t  a  
le a rn in g  a lg o r i th m  a n d  a  s e t o f  t r a in in g  e x a m p le s ,  e a c h  d e s c r ib e d  b y  a  s e t  o f  a t t r ib u t e s  
a n d  a  c la ss  la b e l  m u s t b e  p r o v id e d .  T h e s e  a t t r ib u t e s  c a n  b e  e i th e r  n o m in a l  ( in c lu d in g  
b in a r y  a t t r ib u t e s )  o r  n u m e r ic a l.  T h e  g e n e r a te d  c la s s if ic a t io n  k n o w le d g e  is  r e p r e s e n te d  
in  th e  fo r m  o f  a  t r e e :  d ir e c te d  a c y c l ic  g r a p h  s tru c tu re .  T h is  s t r u c tu r e  in c lu d e s  a  r o o t  
n o d e ,  a  s e t  o f  d e c is io n  n o d e s  (a ls o  c a l le d  in te rn a l n o d e s )  t o  s to r e  c la s s if ic a t io n  ru les , 
a n d  a  s e t  o f  c la ss  n o d e s  (a ls o  c a l le d  t e r m in a l  n o d e s  o r  l e a f  n o d e s ) .  T h e  r o o t  c o n ta in s  
a l l  th e  c lass  la b e ls .  N o d e s  o th e r  th a n  th e  r o o t  h a v e  e x a c t ly  o n e  e n t e r in g  e d g e . T h e r e  
is  a  u n iq u e  p a th  f r o m  th e  r o o t  t o  e a c h  d e c is io n  n o d e .  F o r  c o n s tru c t in g  a  d e c is io n  t r e e  
f r o m  t r a in in g  e x a m p le s  w e  use th e  C 4 .5  le a rn in g  a lg o r i th m  in t r o d u c e d  b y  Q u in la n  [73]. 
T h e  la b e ls  in  o m  c la s s if ic a t io n  ta s k  a re , as m e n t io n e d  e a r l ie r ,  t h e  s e t  o f  c h a ra c te r is t ic  
v ie w s  th a t  e x is t  in  s p o r t  v id e o s  (e .g .  g loba l v ie w s , c lo s e -u p s , e t c . ) .  T h e  a t t r ib u te s  a re  
th e  d i f fe r e n t  s e m a n t ic  cu es  a v a ila b le  t o  th e  s y s te m .
5 .4 .2 .1  C o n s t r u c t i n g  d e c i s i o n  t r e e s
In  th is  s e c t io n ,  w e  d e s c r ib e  th e  C 4 .5  a lg o r i th m  fo r  c o n s t r u c t in g  a  d e c is io n  t r e e  c la s s if ie r  
g iv e n  a  p re -c la s s if ie d  t r a in in g  s e t  T  o f  sh o ts . E a c h  o f  th e s e  s h o ts  is  b e in g  a s s ig n e d  a  
la b e l  o f  th e  v i e w  c a t e g o r y  i t  b e lo n g s  to .  T h a t  is:
T  =  { ( S i ,  V f  : S i  €  { S U  S 2 , • • •, S R } ,  V j  e  V }  (5 .2 )
w h e r e  [ S i ,  S 2 , • • • , S r }  is a  s e t  o f  t r a in in g  sh o ts .
T h e  b a s ic  id e a  o f  C 4 .5  is t o  r e c u r s iv e ly  p a r t i t io n  th e  d e c is io n  s p a c e  in to  s u b sp a ces  
b a s e d  o n  th e  d e c is io n  ru le s  in  th e  n o d e s  u n t i l  th e  f in a l  s to p p in g  c r i t e r ia  is r e a c h e d  
o r  th e  r e m a in in g  s a m p le  s e t  d o e s  n o t  s u g g e s t  fu r th e r  s p l i t t in g .  A t  e a c h  n o d e ,  th e  
a lg o r i th m  sea rch es  fo r  th e  b e s t  p a r t i t io n in g  ru le ,  t o  s p l i t  T  a t  t h a t  n o d e .  E a c h  
p a r t i t io n in g  ru le  te s ts  o n e  c u e  v a lu e . T h e  ru le  t h a t  d e l iv e r s  th e  b e s t  p a r t i t io n in g  is
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u sed  a n d  n e w  n o d e s  a r e  c r e a te d  f o r  e a c h  p a r t i t io n .  T h e  b e s t  p a r t i t io n in g  is ju d g e d  b y  
a  s p l i t t in g  c r it e r io n .  C 4 .5  uses th e  c o n c e p t  o f  in fo r m a t io n  g a in  (e f f e c t iv e  d e c re a s e  in  
e n t r o p y  im p u r i t y )  [73] as a  c r it e r io n .  E n t r o p y  is d e f in e d  as:
w h e r e  p (u > i )  is  th e  f r e q u e n c y  o f  p a t t e r n s  in  c a t e g o r y  u>i. £cm te s ts  o n e  o f  th e  cu es  C , a n d  
p a r t i t io n s  th e  t r a in in g  s e t T  in to  r  s e ts : T \ , T 2, ..., % .  T h e  n u m b e r  o f  p a r t i t io n s  ( i .e .  
r )  d e p e n d s  o n  th e  c u e  b e in g  t e s te d .  F o r  e x a m p le ,  i f  a  cu e  is n o m in a l  w i t h  $  d if fe r e n t  
o u tc o m e s  th e n  th e  r  w i l l  a s s u m e  th e  v a lu e  <E>. W h a t  w e  w i l l  b e  in te r e s t e d  in  e s t im a t in g  
is  t h e  g a in  f r o m  s p l i t t in g  T  in to  r  p a r t i t io n s .  T h is  c a n  b e  d o n e  b y  f i r s t  e s t im a t in g  th e  
w e ig h te d  a v e r a g e  in fo r m a t io n  im p u r i t y  o v e r  th e s e  p a r t i t io n s  u s in g :
W h e r e  ]T| is  t h e  t o t a l  n u m b e r  o f  t r a in in g  s a m p le s  in  th e  t r a in in g  s e t  T .  T h e  in fo r m a ­
t io n  g a in  fo r  p a r t i t io n in g  th e  t r a in in g  s e t  u s in g  £cm (w h ic h  m e a s u re s  th e  r e d u c t io n  in  
in fo r m a t io n  im p u r i t y )  c a n  th e n  b e  c o m p u te d  as fo llo w s :
T h is  m ea s u re s  c a n  b e  in t e r p r e t e d  as t h e  in fo r m a t io n  th a t  is  g a in e d  b y  p a r t i t io n in g  T  in  
a c c o rd a n c e  w i t h  t h e  t e s t  £cm . T h e  d e c is io n  t r e e  a lg o r ith m , th e n ,  s e le c ts  th e  cu e , f r o m  
a ll  p o s s ib le  cu es , t h a t  m a x im is e s  th is  m e a s u re .
O n e  issu e  w i t h  th e  g a in  c r i t e r io n  is t h a t  i t  h as  a  s t r o n g  b ia s  in  fa v o u r  o f  cu es  w i t h  
m a n y  o u tc o m e s  (i .e .  r  is  la r g e ) .  F o r  e x a m p le ,  le t  us a s su m e  h y p o t h e t ic a l ly  th a t  a  cu e  
p a r t i t io n s  th e  t r a in in g  s e t  T  t o  |T| p a r t i t io n s .  T h a t  is , th e  o u t c o m e  is a  la r g e  n u m ­
b e r  o f  su b se ts  e a c h  c o n ta in in g  a  s in g le  ca se . i n f o c { T )  in  th is  c a s e  is 0 a n d , th e r fo r e ,  
g a in (f i c m )  is m a x im a l.  A c c o r d in g  t o  th e  a lg o r ith m , th is  cu e  w i l l  b e  c h o s en  t o  p e r fo r m  
th e  p a r t i t io n in g .  H o w e v e r ,  f r o m  th e  p o in t  o f  v i e w  o f  p r e d ic t io n ,  th is  c u e  w i l l  b e  q u ite  
use less . T o  h a n d le  th is ,  Q u in la n  [73] p r o p o s e d  u s in g  th e  g a in  ra tio  in s te a d  b y  p e r fo r m ­
in g  a  k in d  o f  n o rm a lis a t io n  t o  a d ju s t  g a in  c r it e r io n .  T h is  is d o n e  b y  f ir s t  c o m p u t in g  
th e  p o t e n t ia l  in fo r m a t io n  g e n e r a te d  b y  d iv id in g  T  in to  r  s u b se ts  u s in g  £cm , i.e .:
i n f o (u ’ )  =  e n t r o p y (w )  =  s)  logn  p (o j i j (5 .3 )
i n f o c ( T )  =  y  j / j  i n f o ( % ) (5 .4 )
g a i n ( i c m )  =  i n f o { T )  -  m / o c ( T ) (5 .5 )
(5.6)
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T h e  g a in  ra tio  is th e n  c o m p u te d  as  fo l lo w s :
g a in  r a t i o ( & m ) =  f r a c g a i n (L c m ) s p l i t  i n f o ( & m )  (5 -7 )
A t  e a c h  n o d e , a l l  th e  p o s s ib le  cu es  a r e  in v e s t ig a te d  a n d  th e  c u e  w i t h  th e  h ig h e s t  g a in  
r a t io  is  s e le c te d  t o  d e f in e  th e  p a r t i t io n .  T h e  p a r t i t io n in g  s to p s  w h e n  o n e  o f  t h e  s to p p in g  
ru les  (a l l  th e  t r a in in g  s a m p le s  in  |T ) b e lo n g  t o  a  s in g le  c la ss  o r  |T| is  less  th a n  o r  e q u a l 
t o  a  p r e d e f in e d  th r e s h o ld )  is t r ig g e r e d .  T h is  n o d e  th e n  b e c o m e s  a  c la ss  n o d e ,  a n d  a  
la b e l  c o r r e s p o n d in g  t o  th e  s p o r t  v i e w  w i t h  th e  la r g e s t  n u m b e r  o f  s h o ts  is a t ta c h e d  t o  
it .
5 . 4 . 3  C l a s s i f y i n g  n e w  s h o t s .
T h e  c la s s if ic a t io n  o f  a  s h o t  S  u s in g  d e c is io n  t r e e s  p r o c e e d s  f r o m  t o p  t o  b o t t o m .  D e ­
p e n d in g  o n  its  cu e  a n n o ta t io n ,  S  n a v ig a te s  th r o u g h  th e  d e c is io n  t r e e  t i l l  i t  r e a c h es  a  
c lass  n o d e . T h e  n a v ig a t io n  is g u id e d  b y  th e  ru le s  o f  t h e  d e c is io n  n o d e s  v is i t e d .  S  is 
a s s ig n ed  th e  la b e l,  V j  : V j  €  V ,  a t ta c h e d  t o  t h e  c la s s  n o d e  a t  w h ic h  its  n a v ig a t io n  
t e rm in a te s .  T h e  a c c u ra c y  o f  a  c la ss  n o d e  o v e r  th e  s h o ts  in  t h e  t r a in in g  s e t c a n  b e  u sed  
t o  e s t im a t e  th e  r e l ia b i l i t y  o f  th e  c la s s if ic a t io n  a r is in g  f r o m  th a t  n o d e .  T h is  c o n f id e n c e  
m e a s u re  c a n  b e  e a s i ly  c o m p u te d  u s in g  in fo r m a t io n  a b o u t  s h o ts  d is t r ib u t io n  a t  e a ch  
c la ss  n o d e  [71].
O n e  im p o r t a n t  issu e  r e g a r d in g  th e  g e n e r a te d  t r e e  c la s s if ie r  is  its  g e n e ra lis a t io n .  T h e  
r e s u lt  o f  th e  r e c u r s iv e  p a r t i t io n in g  is o f t e n  a  c o m p le x  t r e e  t h a t  te n d s  t o  o v e r - f i t  th e  
t r a in in g  d a t a  (d u e  t o  n o is e  in  th e  a t t r ib u t e  v a lu e s ) [73 ]. T h is  c o u ld  le a d  t o  p o o r  
p r e d ic t io n  o n  n e w  sh o ts . S im p l i fy in g  (o r  p r u n in g )  d e c is io n  t r e e s  is a  p o p u la r  s o lu t io n  
t o  d e a l w i t h  th is  issu e. S e v e r a l  te c h n iq u e s  e x is t  in  th e  l i t e r a tu r e  a d d r e s s in g  d e c is io n  
t r e e  p r u n in g  [5 , 19, 72 , 7 3 ]. W e  u se  r e d u c e d  e r r o r  p r u n in g  p r o p o s e d  b y  Q u in la n  [72]. 
T h e  id e a  o f  th is  m e th o d  is t o  te s t ,  u s in g  a  s e p a ra te  t e s t  s e t ,  t h e  c h a n g e  in  p e r fo r m a n c e  
i f  a  s u b tr e e  h i th e  d e c is io n  t r e e  is  r e p la c e d  b y  a  c lass  n o d e .
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5.4.4 Boosting and Decision Trees
S e v e ra l te c h n iq u e s  e x is t  f o r  im p r o v in g  th e  p r e d ic t iv e  p o w e r  o f  c la s s if ie r s . E x a m p le s  
o f  m u lt ip le  c la s s if ie r  a p p ro a c h e s  in c lu d e s  t h e  M e ta -d e c is io n  t r e e s  [83 ], B a g g in g  [4] a n d  
B o o s t in g  [21]. M a n y  s tu d ie s  h a v e  a d d re s s e d  th e  p r o b le m  o f  b u i ld in g  e n s e m b le  o f  d e c i­
s io n  t r e e s  t o  e n h a n c e  c la s s if ic a t io n  p e r fo r m a n c e  [13, 31, 39, 56, 74 ], Q u in la n  e t  a l. in
[74] e x a m in e d  b a g g in g  a n d  b o o s t in g  d e c is io n  t r e e s . H e  d e m o n s t r a te d  t h a t  b o o s t e d  a n d  
b a g g e d  d e c is io n  t r e e s  n o t ic e a b ly  o u t p e r fo r m e d  th e  s ta n d -a lo n e  v e r s io n .  I n  a n  e a r l ie r  
w o r k  [31 ], w e  d e m o n s t r a te d  th a t  a  b o o s t e d  d e c is io n  t r e e  c la s s if ie r  (g e n e r a t e d  u s in g  a  
v e r s io n  o f  b o o s t in g  - A d a B o o s t . M l -  p r o p o s e d  b y  F r e u n d  a n d  S c h a p ir e  [2 1 ]) im p r o v e d  
th e  r e s u lt  o f  th e  s p o r t  c la s s if ie r  s ig n i f ic a n t ly  a n d  o u tp e r fo r m e d  o th e r  c la s s if ie rs .
A d a B o o s t . M l  w o rk s  b y  a t ta c h in g  a  w e ig h t  t o  e a c h  in s ta n c e  in  t h e  t r a in in g  s e t. T h e  
h ig h e r  th e  w e ig h t  th e  m o r e  a t t e n t io n  th e  in s ta n c e  w i l l  r e c e iv e  f r o m  th e  d e c is io n  t r e e  
le a rn in g  a lg o r ith m . T h e  w e ig h ts  g e t  u p d a t e d  a t  e a ch  t r ia l  in  a  w a y  t h a t  r e fle c ts  th e  
p e r fo r m a n c e  a t  t h a t  t r ia l .  A f t e r  T  t r ia ls  ( i .e .  c o n s t ru c t in g  T  d e c is io n  t r e e s ) ,  th e  c la s ­
s ifie r s  c o n s tru c te d  a r e  c o m b in e d  b y  v o t in g .  T h e  v o t e  c a s te d  b y  a n  in d iv id u a l  c la s s if ie r  
is  w e ig h te d  a c c o r d in g  t o  t h e  c la s s if ie r  a c c u ra cy . T h e  b o o s t in g  a lg o r i th m  c a n  b e  s u m ­
m a r is e d  as fo l lo w s :
A lg o r i t h m  1: A d a B o o s t . M l
1 .  C o n s t r u c t  a  s e t  T x o f  m  s h o t s  f o r  t r a i n i n g  p u r p o s e s
2 . F o r  e a c h  i n s t a n c e  i  i n  T i ,  a s s i g n  w e i g h t  Wi — 1/m
3 .  F o r  t  =  1  t o  T  d o :
U s e  t h e  l e a r n i n g  a l g o r i t h m  t o  b u i l d  a  c l a s s i f i e r  C L t f r o m  Y t .
C a l c u l a t e  e r r o r  et =  w h e r e  £  i s  t h e  s e t  o f  m i s c l a s s i f i e d  s a m p l e s .
I f  et =  0  o r  et  >  0 . 5  t h e n  s t o p  a n d  s e t  T  — t  —  1  
C o m p u t e  /3t =  et / ( l  -  et)
C r e a t e  T t + i  f r o m  T t  b y  m u l t i p l y i n g  w2 f o r  e a c h  i  E s e t  o f  c o r r e c t l y  c l a s s i f i e d  s a m p l e s  
b y  fit a n d  n o r m a l i s e
A s s i g n  w e i g h t  log (l/ fit)  t o  C L t
4 .  C l a s s i f y  n e w  i n s t a n c e  b y  t h e  w e i g h t e d  m a j o r i t y  v o t e  o f  t h e  T  t r a i n e d  c l a s s i f i e r s .
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T o  s h o w  th e  b e n e f it s  o f  u s in g  a  b o o s t e d  d e c is io n  t r e e  a n d  th e  e f fe c t  o f  th e  n u m b e r  o f  
d e c is io n  t r e e s  u sed  in  th e  e n s e m b le ,  w e  p e r fo r m e d  th e  e x p e r im e n t  d e s c r ib e d  in  S e c t io n
4 .6 .1 .4  u s in g  d i f fe r e n t  v a lu e s  fo r  T .  F ig u r e  5.1 s h o w s  th e  r e s u lts  o f  th is  e x p e r im e n t .  
A s  w e  c a n  see , a  s ig n if ic a n t  d e c re a s e  in  m is c la s s if ic a t io n  r a t e  w a s  a c h ie v e d  a f t e r  10
F ig u r e  5 .1 : T h e  im p r o v e m e n t  in  c la ss ifica t io n  ra te  w h e n  in c r e a s in g  th e  n u m b e r  o f  it ­
e ra t io n s . A s  w e  ca n  see , a  s ig n if ic a n t  d ecrea se  in  m is c la s s if ic a t io n  ra te  w a s  a c h ie ve d  
a fte r  10  ite ra t io n s .
ite r a t io n s .
5.5 Hierarchical Combination of specialised Classifiers
I n  th is  s e c t io n  w e  d iscu ss  a n o th e r  p o s s ib le  a p p ro a c h  fo r  b u i ld in g  a  c u e -b a s e d  s h o t  c la s ­
s ifie r .  I n  th is  a p p ro a c h ,  a  n u m b e r  o f  s p e c ia l is e d  d e c is io n  t r e e  c la s s if ie r s  a r e  c r e a te d .  
E a c h  o f  th e s e  c la s s if ie r s  is  c o n c e rn e d  w i t h  a  s im p le  c la s s if ic a t io n  ta s k . B y  a s s e m b lin g  
s o m e  o f  th e s e  s im p le  c la s s if ie r s , a  m o r e  s o p h is t ic a te d  o n e  c a n  b e  c r e a te d  t o  d e a l w i t h  
a  m o r e  c h a lle n g in g  c la s s if ic a t io n  ta sk . F ig u r e  5 .2  s h o w s  a n  e x a m p le  t h a t  i l lu s t r a te s  
a  c la s s if ic a t io n  s y s t e m  fo r  te n n is  sh o ts . I n  th is  e x a m p le ,  w e  c a n  s ee  th a t  th e  ta s k  o f  
d e t e c t in g  g loba l v ie w s  o f  a  te n n is  c o u r t  c a n  b e  a c h ie v e d  b y  u s in g  th r e e  s im p le  c la ss i-
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data
F ig u r e  5 .2 : E x a m p le  s h o w in g  a h ie ra rc h ica l c o m b in a t io n  o f  sp ec ia lis ed  c la ss ifie rs . A s  
w e ca n  see  in  th is  f ig u re , ea ch  c la s s if ie r  is  c o n c e r n e d  w ith  a s im p le  c la ss ifica tio n  task, 
is  crea ted . T h e s e  c la ss ifie rs  ca n  be a ss e m b le d  to g e th e r  to  p e r f o r m  m o r e  c o m p le x  c la ss i ­
f ic a t io n . O n e  a d va n ta g e  o f  u s in g  th is  a rch ite c tu re  is  th a t s o m e  o f  th ese  c la ss ifie rs  ca n  
be reu sed . M o r e o v e r ,  th e  a m o u n t  o f  t ra in in g  m a te r ia l  n eed ed  is  s ig n ific a n tly  lo w er . A  
d isa d va n ta g e  is  th a t the u s e r  n eed s  to  be in v o lv e d  in  th e  d e s ig n  p rocess .
fie rs . T h is  a p p ro a c h  h as  s o m e  a d v a n ta g e s :  i t  r e d u ce s  th e  c o m p le x i t y  o f  t h e  c la s s if ie r  in  
te rm s  o f  th e  a m o u n t  o f  t r a in in g  d a t a  r e q u ir e d ;  a n y  c la s s if ie r  c a n  b e  r e - t r a in e d  (a n d / o r  
r e p la c e d )  in d e p e n d e n t ly  t o  a c h ie v e  b e t t e r  p e r fo rm a n c e ;  m o re o v e r ,  d i f fe r e n t  t y p e  o f  c la s ­
s ifie rs  c a n  b e  u sed . O n e  m a in  d is a d v a n ta g e  o f  th is  a p p ro a c h  is t h a t  w e  d o  n o t  h a v e  
m e a n s  t o  a u to m a t ic a l ly  a s s e m b le  c la s s if ie r s . T h e r e fo r e ,  u sers  a r e  r e q u ir e d  t o  b e  in v o lv e d  
in  c o n s tru c t in g  th e  c la s s if ie r .
5.6 Experimental Results
In  o r d e r  t o  e v a lu a t e  th e  p e r fo r m a n c e  o f  t h e  c u e -b a se d  s h o t  c la s s if ie r , e x p e r im e n ts  w e r e  
c o n d u c te d  o n  a  d a ta b a s e  c o m p r is in g  v id e o  m a te r ia l  f r o m  th e  fo l lo w in g  e v e n ts :
78 Chapter 5. Stage 2: Shot Classification
•  B a r c e l o n a ’ 9 2 :  C o n ta in s  O ly m p ic  G a m e s  m a te r ia l .  15 s p o r ts  in  a d d it io n  t o  
m e d a l  c e r e m o n y  a n d  in t e r v ie w  sh o ts .
•  E u r o ’ 9 6 :  A  f o o t b a l l  e v e n t  h e ld  in  E n g la n d  in  1996. T h e  s e q u e n c e  re p re s e n ts  tw o  
m a tc h e s  f r o m  th e  to u rn a m e n t .
•  A u s t r a l i a n  O p e n ’ 0 3 :  A  te n n is  e v e n t .  T h e  s e q u e n c e  c o v e rs  th e  f ir s t  tw o  se ts  o f  
th e  2003  m e n ’s f in a l  (A g a s s i  v s . S c h u e t t le r ) .
•  W i m b l e d o n ’ 0 3 :  A n o t h e r  te n n is  e v e n t .  T h e  s e q u e n c e  c o v e rs  th e  la s t  s e t o f  th e  
2003  m e n ’s f in a l (F e d e r e r  v s . P h i l l ip o u s is ) .
•  T h e  M a s t e r s ’ 0 3 :  A  s n o o k e r  e v e n t .  T h e  m a te r ia l  c o v e rs  fo u r  fra m e s  f r o m  th e  
f in a l m a tc h  ( O ’ S u ll iv a n  v s .  H u n t e r ) .
•  S i x  N a t i o n s ’ 0 3 :  A  r u g b y  e v e n t .  T h e  s e q u e n c e  c o n s is t  o f  th e  s e c o n d  h a l f  o f  th e  
2003  m a tc h  (E n g la n d  vs . I t a l y ) .
T h e  m a te r ia l  in c lu d e s  17 s p o r t  d is c ip lin e s  in  a d d i t io n  t o  m e d a l c e re m o n ie s ,  in te r v ie w s ,  
c r o w d  s cen es  a n d  c lo s e -u p s . T a b le  5.1  sh o w s  th e  d is c ip lin e s  u sed  in  th e  e v a lu a t io n  
p ro c e s s .
T h e  e v a lu a t io n  w a s  c o n d u c te d  in  a  w a y  t o  d e m o n s t r a te  th e  a p p l ic a b i l i t y  o f  th e  p r o p o s e d  
c la s s if ic a t io n  s y s t e m  u s in g  fo u r  d if fe r e n t  s ce n a r io s :
•  In  th e  f ir s t ,  w e  a d d re s s e d  s im p le  c la s s if ic a t io n  ta s k s  ( ju d g e d  b y  th e  a m o u n t  o f  
c a m e ra  a n d  o b je c t  m o t io n ) .  S n o o k e r  w a s  ch o sen  as  a n  e x a m p le .
•  In  th e  s e c o n d  s c e n a r io ,  s p o r t s  th a t  a re  p la y e d  o n  d i f fe r e n t  su r fa c es  w e r e  a d d re s s ed . 
T e n n is  s eq u en ces , p la y e d  o n  th r e e  d i f fe r e n t  su r fa c es , w a s  c h o s en  as a n  e x a m p le .
•  In  th e  th i r d  s c e n a r io  w e  s tu d y  th e  p e r fo r m a n c e  o f  th e  c u e -b a s e d  s h o t  c la s s if ie r  
w h e n  a d d re s s in g  a  m o r e  c h a lle n g in g  c la s s if ic a t io n  ta s k . F o o tb a l l  w a s  c h o s en  as 
a n  e x a m p le .
•  In  th e  f in a l  s c e n a r io ,  w e  a d d re s s  m u lt id is c ip l in a r y  e v e n ts .  W e  b u i ld  a  c la s s if ie r  t o  
d e a l w i t h  th e  d is c ip lin e s  d e s c r ib e d  in  T a b le  5.1.
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T a b le  5 .1 : L i s t  o f  d is c ip l in e s  in c lu d e d  in  th e  e x p e r im e n ts . T h e  d u ra t io n  o f  ea ch  d is ­
c ip l in e  a n d  th e  e v e n t  f r o m  w h ich  th e  m a te r ia ls  w e re  co lle c ted  a lso rep o rted . C r o w d , 
m ed a l, in t e r v ie w  a n d  c lo s e -u p  v ie w s  d oes  n o t  c o r r e s p o n d  to  a p a r t ic u la r  s p o r t  a n d  th us  
th ey  a re trea ted  as s ep a ra te  d is c ip l in e s
Sport Symbol Total time Event
B o x in g S i 19 m ill. B a r c e lo n a ’92
C y c l in g s2 12 m in . B a r c e lo n a ’92
E q u e s tr ia n S s 18 m in . B a r c e lo n a ’92
F o o tb a l l 04 180 m in . E u r o ’96
G y m n a s t ic s 05 25 m in . B a r c e lo n a ’92
H o c k e y 06 35  m in . B a r c e lo n a ’92
J u d o 07 25 m in . B a r c e lo n a ’92
R o w in g 08 8 m in . B a r c e lo n a ’92
R u g b y 09 60  m in . S ix  N a t io n s ’03
S n o o k e r 010 65 m in . M a s t e r s ’03
S w im m in g 011 60 m in . B a r c e lo n a ’92
T a e k w o n d o 012 15 m in . B a r c e lo n a ’92
T e n n is 013
16 m in . 
65 m in . 
35 m in .
B a r c e lo n a ’92 
A u s t r a l ia n  O p e n ’03  
W im b le d o n ’03
T r a c k  E v e n ts 014 240  m in . B a r c e lo n a ’92
T r in q u e t 015 5 m in . B a r c e lo n a ’92
W e ig h t - l i f t in g 016 19 m in . B a r c e lo n a ’92
Y a c h t in g S i r 25 m in . B a r c e lo n a ’ 92
M e d a l 018 - B a r c e lo n a ’92
In t e r v ie w 019 - V a r io u s
C r o w d 020 - V a r io u s
C lo s e -u p s 021 - V a r io u s
E a c h  e x p e r im e n t  w a s  r e p e a t e d  10 t im e s .  T h e  a v e r a g e  c la s s if ic a t io n  r a t e  a n d  th e  s ta n ­
d a rd  d e v ia t io n  a r e  r e p o r t e d .  A d a B o o s t . M l  w a s  u sed  t o  b u i ld  a  b o o s t e d  v e r s io n  o f  e a c h  
c la s s if ie r . T h e  n u m b e r  o f  t r ia ls  in  A d a B o o s t . M l  w a s  s e t t o  25 ( i .e .  T  =  2 5 ).  I n  th e  
fo l lo w in g  s e c t io n  w e  d e s c r ib e  e a c h  e x p e r im e n t  a n d  r e p o r t  th e  r e s u lt  o b ta in e d .
5 . 6 . 1  E x p e r i m e n t  1 :  S n o o k e r  C l a s s i f i e r
T h is  e x p e r im e n t  is  c o n c e r n e d  w i t h  c o n s t r u c t in g  a  s n o o k e r  c la s s if ie r .  T h e  ta s k  fo r  th is  
c la s s if ie r  is t o  la b e l  e a ch  s n o o k e r  s h o t  w i t h  o n e  o f  th e  fo l lo w in g  s h o t  t y p e  la b e ls :  g lo b a l  
v ie w ,  m e d iu m  v ie w ,  a n d  c lo s e -u p . W e  n o t ic e d  f r o m  th e  g r o u n d - t r u th in g  o f  s n o o k e r
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s eq u e n c e s  th a t  9 4 .1 % o f th e  s h o ts  b e lo n g  t o  o n e  o f  th e s e  t y p e s  ( ju s t  o v e r  4 1 %  r e p r e s e n t  
g lo b a l  v ie w s ) .  T a b le  5 .2  s h o w s  th e  p e r fo r m a n c e  o f  t h e  s n o o k e r  c la s s if ie r . W e  c a n  see
T a b le  5 .2 : P e r f o r m a n c e  o f  th e  s n o o k e r  c la ss ifie r . C la s s ify in g
R e c a l l P r e c is io n
G l o b a l  v i e w s 9 8 .1 % (±  1 .3 ) 9 6 .7 % (±  2 .3 )
M e d i u m  v i e w s 9 0 .1 % (±  5 .2 ) 9 3 .0 % (±  3 .9 )
C l o s e - u p  v i e w s 9 6 .8 % (±  2 .2 ) 9 6 . 5 % (±  1 .2 )
th a t  th e  d is c r im in a t iv e  p o w e r  o f  t h e  s n o o k e r  c la s s if ie r  is v e r y  g o o d .  S n o o k e r  d o e s  
n o t  in v o lv e  h ig h  p h y s ic a l a c t i v i t y  a n d  i t  is p la y e d  in  a  s m a ll  a ren a . T h e r e fo r e ,  i t  is  
c h a ra c te r is e d  w i t h  lo w  c a m e r a  m o t io n  w h e n  c a p tu r in g  th e  e v e n ts . A c t u a l l y  th e r e  is  
v i r tu a l ly  n o  c a m e r a  m o t io n  in  s h o ts  r e p r e s e n t in g  g lo b a l  v ie w s .  T h is  m a k e s  i t  e a s y  fo r  
th e  c la s s if ie r  t o  d is c r im in a t e  b e tw e e n  s h o t  ty p e s .
5.6.2 Experiment 2: Tennis Classifier
In  th is  e x p e r im e n t ,  w e  e x a m in e  te n n is  s eq u en ces . D i f fe r e n t  te n n is  to u rn a m e n ts  a re  
p la y e d  o n  d if fe r e n t  s u r fa c es . T h e  m a te r ia l  a v a ila b le  fo r  o u r  e x p e r im e n t  r e p r e s e n t  th r e e  
e v e n ts : W im b le d o n  (p la y e d  o n  g r a s s ),  B a r c e lo n a  O ly m p ic s  (p la y e d  o n  c la y )  a n d  th e  
A u s t r a l ia n  O p e n  (p la y e d  o n  h a rd  c o u r ts ) .  T h e  c la s s if ic a t io n  ta s k  h e r e  is t o  c la s s ify  
s h o ts  in to  s ix  c a te g o r ie s :  g lo b a l  v i e w  s h o w in g  g ra ss  te n n is  c o u r t ,  g lo b a l  v i e w  s h o w in g  
c la y  te n n is  c o u r t ,  g lo b a l  v i e w  o f  h a rd -s u r fa c e  te n n is  c o u r t ,  c lo s e -u p s , m e d iu m  v ie w s  
a n d  c r o w d  v ie w s .  I n  o u r  c u e  r e p o s ito r y ,  th e r e  a r e  cu es  r e p r e s e n t in g  th e  th r e e  s u r fa c es . 
T h e r e  a r e  a lso  cu es  th a t  w e r e  e x t r a c t e d  u s in g  in fo r m a t io n  o th e r  th a n  c o lo u r  w h ic h  
m a k e  i t  s u r fa c e -c o lo u r  in d e p e n d e n t .  F o r  th is  s c e n a r io  w e  c r e a te d  tw o  c la s s if ie r s . O n e  
is  a  b o o s te d  d e c is io n  t r e e  (C la s s i f ie r  A ) .  T h e  o th e r  (C la s s i f ie r  B )  is  a n  a s s e m b ly  o f  
s e v e r a l s p e c ia lis e d  c la s s if ie r s  (a s  d e s c r ib e d  in  s e c t io n  5 .5 ).  T h e  r e s u lt  o b t a in e d  f r o m  
u s in g  C la s s if ie r  A  is  r e p o r t e d  in  T a b le  5 .3 .
T h e  r e s u lt  f r o m  C la s s if ie r  B  is r e p o r t e d  in  T a b le  5 .4 . W e  n o t ic e d  t h a t  th e  r e c a l l  r a te ,  
f o r  a ll  v ie w s ,  o f  C la s s if ie r  A  is b e t t e r .  C la s s if ie r  B ,  o n  th e  o th e r  h a n d , a c h ie v e d  a  
b e t t e r  p r e c is io n  ra te .  H o w e v e r ,  c o n s id e r a b le  e f fo r t  w a s  r e q u ir e d  t o  c o n s t ru c t  a n d  t r a in
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T a b le  5 .3 : Performance of Classifier A (a boosted decision tree)  fo r  tennis sequences.
R e c a l l P r e c is io n
G l o b a l  v i e w s  ( h a r d ) 9 1 .0 % (±  1 .8 ) 9 7 .4 % (+  1 .6 )
G l o b a l  v i e w s  ( g r a s s ) 9 4 .6 % (±  5 .8 ) 9 2 . 4 % (±  4 .3 )
G l o b a l  v i e w s  ( c l a y ) 8 5 . 1 % (±  4 .8 ) 8 2 . 7 % (±  9 .8 )
C l o s e - u p  v i e w s 9 2 .6 % (±  2 .6 ) 8 7 . 8 % (±  2 .9 )
M e d i u m  v i e w s 8 8 .1 % (±  5 .2 ) 8 5 . 8 % (±  2 .2 )
C r o w d  v i e w s 5 2 .0 % (±  5 .9 ) 6 9 .3 % (±  9 .7 )
T a b le  5 .4 : Performance of Classifier B  (an assembly of several specialised classifiers) 
fo r tennis sequences.
R e c a l l P r e c is io n
G l o b a l  v i e w s  ( h a r d ) 8 8 .9 % (±  3 .2 ) 9 9 . 4 % (±  1 .0 )
G l o b a l  v i e w s  ( g r a s s ) 8 6 .8 % (±  6 .3 ) 9 8 .1 % (±  2 .7 )
G l o b a l  v i e w s  ( c l a y ) 7 9 .2 % (±  5 .0 ) 9 8 .5 % (±  1 .9 )
C l o s e - u p  v i e w s 8 9 . 0 % (±  3 .4 ) 85 .8 % (d b  2 .3 )
M e d i u m  v i e w s 8 7 . 2 % (±  2 .1 ) 9 4 .0 % (±  0 .7 )
C r o w d  v i e w s 4 4 . 3 % (±  8 .0 ) 7 4 .0 % (±  8 .1 )
th e  s e t  o f  s p e c ia l is e d  c la s s if ie r s  t o  a s s em b le  C la s s if ie r  B . W e  a ls o  n o t ic e d  th a t ,  in  b o t h  
c la s s if ie r s , w e  d id  n o t  o b t a in  g o o d  r e s u lts  fo r  c r o w d  v ie w s .  T h is  c a n  b e  e x p la in e d  b y  
th e  fa c t  t h a t  w e  d o  n o t  e x t r a c t  e n o u g h  cu es  th a t  a re  s u f f ic ie n t ly  c h a ra c te r is t ic  o f  a ll  
v a r ie t y  o f  c r o w d  sh o ts . A ls o ,  t h e  o f  c r o w d  s h o ts  a v a ila b le  f o r  t r a in in g  w a s  l im it e d .
5.6.3 Experiment 3: Football Classifier
In  th is  e x p e r im e n t ,  w e  c o n s tru c t  a  c la s s if ie r  t o  la b e l  s h o ts  f r o m  f o o t b a l l  s eq u en ces . 
U n l ik e  s n o o k e r ,  f o o t b a l l  is p la y e d  in  a  b ig  s ta d iu m , th u s  m o r e  c a m e ra s  a r e  n e e d e d  t o  
c a p tu r e  th e  e v e n t .  M o r e o v e r ,  c a m e ra  m o t io n  is  h ig h  in  f o o t b a l l  s eq u e n c e s  (d u e  t o  h ig h  
p h y s ic a l a c t iv i t ie s  a n d  th e  s iz e  o f  t h e  s t a d iu m ).  T h is  m a k es  f o o t b a l l  a  m o r e  c h a lle n g in g  
c la s s if ic a t io n  ta sk . F o u r  c a te g o r ie s  w e r e  d e f in e d  fo r  fo o tb a l l :  g lo b a l  v ie w s ,  c lo s e -u p s , 
m e d iu m  v ie w s  a n d  c r o w d  v ie w s .  T h e  r e s u lt  o f  th e  f o o t b a l l  c la s s if ic a t io n  s y s t e m  is 
r e p o r t e d  in  T a b le  5.5.
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T a b le  5 .5 : P e r f o r m a n c e  o f  th e  fo o tb a ll  c la ss ifie r . A s  w e  ca n  see, g lo b a l v ie w s  a re  ea sy  
to  d etec t.
R e c a l l P r e c is io n
G l o b a l  v i e w s 9 4 .3 %  ( ±  1 .6 ) 9 2 .7% (db  2 .4 )
C l o s e - u p  v i e w s 7 1 .0 % (±  4 .8 ) 7 3 . 4 % (±  3 .9 )
M e d i u m  v i e w s 9 2 .2 % (±  2 .7 ) 8 7 .7 % ( ±  3 .2 )
C r o w d  v i e w s 6 0 .0 % (±  1 0 .7 ) 7 2 .3% (db  9 .7 )
5.6.4 Experiment 4: Multi-disciplinary Sport Classifier
In  t l i e  p r e v io u s  th r e e  e x p e r im e n ta l  s e tu p s , w e  e x a m in e d  o n ly  a  s in g le  d is c ip l in e  in  each . 
In  th is  s c e n a r io  w e  a d d re s s  m u lt id is c ip l in a r y  e v e n ts .  W e  c o n s tru c t  a n d  t r a in  a  c la s s if ie r  
f o r  s p o r t  s h o t  c a te g o r is a t io n .  T w e n t y  o n e  d is c ip lin e s  w e r e  c o n s id e r e d  (s e e  T a b le  5 .1 ). 
T h e  r e s u lt  is  r e p o r t e d  in  T a b le  5 .6 . A s  w e  c a n  s ee  f r o m  th e  r e s u lt ,  t h e  c la s s if ic a t io n  
p e r fo r m a n c e  fo r  s o m e  d is c ip lin e s  w a s  g o o d  (i .e .  s n o o k e r ,  s w im m in g ,  fo o t b a l l ,  te n n is  
a n d  c lo s e -u p s ).  H o w e v e r ,  th e  re s u lts  f o r  s o m e  s p o r ts  ( i .e .  c y c l in g ,  w e ig h t  l i f t in g ,  r o w in g  
a n d  g y m n a s t ic s )  w e r e  d is a p p o in t in g .  F o r  s o m e  d is c ip lin e s , th is  c a n  b e  e x p la in e d  b y  
th e  fa c t  t h a t  w e  d o  n o t  e x t r a c t  cu es  th a t  a r e  s u f f ic ie n t ly  c h a ra c te r is t ic  o f  th e m . F o r  
e x a m p le  th e r e  a r e  n o  cu es  c h a ra c te r is t ic  o f  w e ig h t - l i f t in g  a n d  g y m n a s t ic s  (d u e  t o  th e  
la c k  o f  e n o u g h  d a t a ) .  A n o th e r  fa c t o r  fo r  th e  p o o r  p e r fo r m a n c e  in  s o m e  d is c ip lin e s  
is  th e  a m o u n t  o f  t r a in in g  m a te r ia l  a v a ila b le .  D e c is io n  t r e e s  a r e  s u p e r v is e d  c la s s if ie rs ; 
p r o v id in g  m o r e  m a te r ia l  c a n  p r o d u c e  m o r e  d is c r im in a t iv e  c la s s if ie r s .
5.7 Conclusion
I n  t l i is  c h a p te r  w e  d e s c r ib e d  th e  s e c o n d  s ta g e  o f  th e  p r o p o s e d  s y s te m . T h is  s ta g e  is 
c o n c e rn e d  w i t h  th e  c la s s if ic a t io n  o f  s p o r t  v id e o  s h o ts , b a s e d  o n  th e ir  cu e  a n n o ta t io n ,  
in to  a  p r e d e f in e d  s e t  o f  c a te g o r ie s .  W e  p r o p o s e d  a  h ie r a r c h ic a l c la s s if ic a t io n  s o lu t io n  
t h a t  is  fo u n d e d  o n  th e  c o n c e p t  o f  cu es . T h e  fu n c t io n a l i t y  o f  th is  s ta g e  is r e a l is e d  b y  
d e c is io n  tr e e s .  T h e  e x p e r im e n ta l  r e s u lts  a re  p r o m is in g  a n d  s h o w  th e  e ffe c t iv e n e s s  o f  
th e  s h o t  c la s s if ie r  u s in g  th e  c u e  a n n o ta t io n .  T h e  p e r fo r m a n c e  is  d e p e n d e n t  o n  th e  
a v a i la b i l i t y  o f  c h a ra c te r is t ic  cu es  a n d  th e  a m o u n t  o f  t r a in in g  m a te r ia l .  T h e  o u tp u t  o f
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th e  c la s s if ie r  m a y  a ls o  b e  s u b je c t  t o  e r r o r  d u e  t o  e i th e r  e r r o r s  in  th e  c u e  e x t r a c t io n ,  
e r r o r  in  t h e  c la s s if ic a t io n  m o d u le  o r  g e n u in e  a m b ig u ity ,  i.e . t h e  p r e s e n c e  o f  cu es  th a t  
a re  c h a ra c te r is t ic  o f  m o r e  th a n  o n e  d is c ip l in e  (e .g .  c r o w d  v ie w s ) .  T h is  m is c la s s if ic a t io n  
c a n  b e  m in im is e d  b y  e x p lo i t in g  th e  t e m p o r a l  c o n te x t .  In  th e  n e x t  c h a p te r  w e  w i l l  
d e s c r ib e  h o w  w e  a c h ie v e  th is  in  t h e  th ir d  s ta g e  o f  th e  s y s te m . T h e  s ta g e  e m p lo y s  
h id d e n  M a r k o v  m o d e ls  ( H M M s )  t o  p ro c e s s  th e  o u tp u t  s eq u e n c e  g e n e r a te d  b y  th e  s h o t  
c la s s if ie r .  T h e  a im  is  t o  b r id g e  th e  g a p  b e tw e e n  th e  s e m a n t ic  v id e o  c o n te n t  la b e l l in g  b y  
h u m a n  o b s e r v e r  a n d  th e  d a ta - d r iv e n  h y p o th e s e s  g e n e ra te d  b y  a u to m a t ic  c la s s if ic a t io n .
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Chapter 6
S t a g e  3 :  T e m p o r a l  
P o s t - P r o c e s s i n g  a n d  S h o t  
G r o u p i n g
6.1 Introduction
A s  w a s  d is cu ssed  in  t h e  p r e v io u s  c h a p te r ,  s h o t  t y p e  la b e ls  g e n e r a te d  b y  th e  s h o t  c la s s i­
f ie r  a r e  s u b je c t  t o  e r r o r  c a u s e d  b y  e r r o r s  in  t h e  c u e  e x t r a c t io n  s ta g e ,  e r r o r s  in  th e  s h o t  
c la s s if ic a t io n  a lg o r ith m  a n d / o r  b e c a u s e  o f  g e n u in e  a m b ig u ity .  T h is  a m b ig u ity  is  d u e  
t o  t h e  e x is te n c e  o f  cu es  t h a t  a r e  c h a ra c te r is t ic  o f  m o r e  th a n  o n e  s p o r t .  F o r  e x a m p le ,  
a  g ra ss  cu e  w i l l  f i r e  o n  k e y  fr a m e s  r e p r e s e n t in g  fo o tb a l l ,  ru g b y , c r ic k e t  a n d  a n y  o th e r  
s p o r t  p la y e d  o n  g ra ss . T h e  s h o t  c la s s if ic a t io n  s y s te m  e x a m in e s  o n e  s h o t  a t  a  t im e .  
T h is  c a n  b e  in s u ff ic ie n t  t o  d e a l  w i t h  a m b ig u ity .  In fo r m a t io n  a b o u t  s h o t  t y p e  la b e ls  o f  
n e ig h b o u r in g  s h o ts  c a n  b e  u sed  t o  s m o o th  th e  c la s s if ie r  d e c is io n  t e m p o r a l ly .
A n o t h e r  issu e  r e la t e d  t o  s h o ts  is g r o u p in g .  In  s o m e  m u lt id is c ip l in a r y  e v e n ts ,  th e  c o n te n t  
is  r a n d o m ly  s w it c h in g  f r o m  o n e  d is c ip l in e  t o  a n o th e r .  In  th is  th e s is  w e  a s su m e  th a t  
th e  m a te r ia l  a b r u p t ly  s w itc h  f r o m  o n e  s p o r t  t o  a n o th e r .  T h is  w a s  th e  ca s e  in  th e  ta p e s  
p r o v id e d  b y  th e  B B C  w h ic h  r e p r e s e n t  m a te r ia l  f o r m  th e  B a r c e lo n a  O ly m p ic s .  G r o u p in g  
s h o ts  in  te rm s  o f  s p o r t  id e n t i t y  w o u ld  a id  fu r th e r  a n a ly s is  a t la t e r  s ta g e s .  O n  th e  o th e r
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h a n d , in  e v e n ts  c o v e r in g  o n e  s p o r t ,  d e t e c t in g  p la y  s e g m e n ts  (th o s e  s e g m e n ts  w h e n  th e  
p la y  is  h a p p e n in g )  w o u ld  a ls o  b e n e f i t  e v e n t  d e t e c t io n  m o d u le s .  I n  th is  c h a p te r ,  w e  
d e s c r ib e  th e  t e m p o r a l  p o s t -p r o c e s s in g  a n d  s h o t  g r o u p in g  s ta g e  th a t  le ssen s  th e  e f fe c ts  
o f  e r r o r  a n d / o r  a m b ig u ity  in  s h o t  la b e l l in g  a n d  t o  p e r fo r m  s h o t  g r o u p in g .  H id d e n  
M a r k o v  m o d e ls  (H M M s )  a r e  e m p lo y e d  t o  r e a lis e  t h e  fu n c t io n a l i t y  o f  th is  s ta g e .
T h is  c h a p te r  is  o r g a n is e d  as fo llo w s . I n  S e c t io n  6 .2  w e  d iscu ss  th e  issu e  o f  t e m p o r a l  
s m o o th in g  w i t h  e x a m p le s  f r o m  te n n is  a n d  r u g b y  s eq u e n c e s . In  S e c t io n  6 .3  w e  d e s c r ib e  
H M M s ,  th e  to o ls  f o r  r e a l is in g  th e  fu n c t io n a l i t y  o f  th is  s ta g e .  S e g m e n ta t io n  o f  v id e o  se­
q u en c es  in  te rm s  o f  s p o r t  id e n t i t y  is d is c u s se d  in  S e c t io n  6.4 . In  S e c t io n  6 .5  p la y / b r e a k  
s e g m e n ta t io n  is  d is cu ssed . W e  th e n  in v e s t ig a te  th e  e f fe c t iv e n e s s  o f  e m p lo y in g  th e  t e m ­
p o r a l  s m o o th in g  in  r e d u c in g  c la s s if ic a t io n  e r r o r  a n d  p e r fo r m  s h o t  g r o u p in g  in  S e c t io n  
6 .6 . S e c t io n  6 .7  c o n c lu d e s  th e  c h a p te r .
6.2 Temporal Post processing
O n e  g o a l  o f  in t r o d u c in g  th e  t e m p o r a l  p o s t -p r o c e s s in g  s ta g e  is  t o  le ss en  th e  e ffe c ts  o f  
e r r o r  a n d / o r  a m b ig u it y  in  s h o t  la b e l l in g .  F ig u r e  6.1  s h o w s  tw o  e x a m p le  s eq u e n c e s  r e p ­
r e s e n t in g  te n n is  a n d  r u g b y  a n d  th e  c o r r e s p o n d in g  la b e ls  g e n e r a te d  b y  th e  s h o t  c la s s if ie r . 
T w o  s h o ts  in  th e  te n n is  s e q u e n c e  w e r e  m is c la s s if ie d . O n e  o f  t h e  s h o ts  w a s  c la s s if ie d  as 
fo o tb a l l .  T h is  s h o t  re p r e s e n ts  a n  e x t r e m e  g lo b a l  v i e w  o f  th e  te n n is  a ren a . T h is  v i e w  is 
n o t  a  fr e q u e n t  o n e  in  te n n is  s eq u en ces . I n  th e  A u s t r a l ia n  O p e n  ta p e ,  o n ly  1 .1 %  o f  th e  
s h o ts  r e p r e s e n t  e x t r e m e  g lo b a l  v ie w s .  T h e r e fo r e ,  t h e  m is c la s s if ic a t io n  c a n  b e  e x p la in e d  
b y  th e  la c k  o f  t r a in in g  m a te r ia l .  I n  th e  r u g b y  s eq u e n c e , o n e  s h o t  r e p r e s e n t in g  m e d iu m  
v ie w  w a s  m is c la s s if ie d  as f o o tb a l l .  T h is  c la s s if ic a t io n  e r r o r  is a n  e x a m p le  o f  a m b ig u ity .  
T h is  t y p e  o f  s h o t  is c h a ra c te r is t ic  t o  b o t h  r u g b y  a n d  fo o t b a l l .  O n e  p o s s ib le  w a y  t o  d e a l 
w i t h  th e s e  e r r o r s  is  t o  t e m p o r a l ly  s m o o th  th e  s h o t  c la s s if ie r  o u tp u ts ,  u s in g  in fo r m a t io n  
a b o u t  n e ig h b o u r in g  s h o t  la b e ls .
A n o t h e r  g o a l  is t o  g r o u p  r e la t e d  s h o ts  t o g e th e r  t o  fo r m  a  s eq u e n c e . T h e  g r o u p in g  ca n  
b e  d o n e  in  te rm s  o f  s p o r t  id e n t it y ,  in  th e  ca se  o f  m u lt id is c ip l in a r y  e v e n ts ,  o r  in  t e r m s  o f  
p la y / b r e a k  s e g m e n ta t io n .  In  th e  la t t e r  c a se , i t  is  im p o r ta n t  t o  id e n t i f y  th o s e  s e g m e n ts
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in  th e  v id e o  w h e r e  t l ie  a c tu a l p la y  is h a p p e n in g .  T h is  w i l l  a l lo w  fo r  fu r th e r  a n a ly s is  o n  
p la y  s e g m e n ts  t o  g e n e ra te  f in e r  a n n o ta t io n  in  te rm s  o f  in te r e s t in g  e v e n ts .
F o r tu n a te ly ,  s p o r t  s eq u e n c e s  u s u a lly  fo l lo w  a  c e r t a in  p a t t e r n  o f  s h o t  v ie w s .  T o  c la r i f y  
th is  p o in t ,  w e  g iv e  tw o  e x a m p le  s eq u en ces  r e p r e s e n t in g  tw o  s p o r ts r te n n is  a n d  ru gb y . 
F ig u r e  6 .2  sh o w s  a  t y p ic a l  s e q u e n c e  o f  te n n is  sh o ts . G lo b a l  v ie w s  a r e  th e  t y p e  o f  f r a m in g
global view j \ medium view crowd medium view I I global view
P lay B re a k    P lay
F ig u r e  6 .2 : A  typ ica l s e q u e n c e  o f  te n n is  sh o ts . I n  th is s eq u en ce , g loba l v ie w  r e p re se n ts  
o n ly  o n e  sh o t  fo l lo w e d  by  o n e  o r  m o r e  s h o t (s )  o f  w id e  v ie w s , c lo s e u p  v ie w s  a n d /o r  
c ro w d  v ie w s  a n d  th en  back to  g loba l v ie w  to  ca p tu re  the n e x t  p o in t . T h is  s e q u e n c e  
o ccu rred  r e p e t it iv e ly  in  t e n n is  v id e o s . A  break  s e q u e n c e  d u ra t io n  b e tw ee n  p o in ts  is  sh o rt .  
H o w e v e r ,  a break  s e q u e n c e  b e tw ee n  e v e r y  o th e r  g a m e  is  l o n g e r  (9 0  s e c . )  a n d  e v e n  lo n g e r  
b e tw ee n  se ts  (1 2 0  s e c . ) .
u sed  b y  p ro d u c e r s  t o  c a p tu r e  th e  e v e n t  w h i le  th e  p la y  is h a p p e n in g .  E x a m in in g  th e  
d a ta b a s e ,  it w a s  n o t ic e d  th a t  it  is r a r e ly  th e  ca se  th a t  g lo b a l  v ie w s  d o e s  n o t  c o r r e s p o n d  
t o  a  p la y  s e g m e n t.  O th e r  v ie w s ,  m a in ly  m e d iu m  v ie w ,  c lo s e -u p s  a n d  c r o w d  v ie w s ,  a re  
u sed  in  n o n -p la y  s e g m en ts . T h is  p a t t e r n  o f  s h o t  la b e ls  a p p e a rs  r e p e a t e d ly  in  te n n is  
v id e o s . A  b r e a k  s e q u e n c e  d u r a t io n  b e tw e e n  p o in ts  is s h o r t .  H o w e v e r ,  a  b r e a k  s eq u e n c e  
b e tw e e n  e v e r y  o th e r  g a m e  is lo n g e r  (9 0  s e c .) a n d  e v e n  lo n g e r  b e tw e e n  se ts  (1 2 0  s e c .).
In  th e  r u g b y  e x a m p le ,  s ee  F ig u r e  6 .3 , s e v e r a l v ie w  ty p e s  a r e  u sed  t o  c a p tu r e  p la y  
s e g m e n ts .  T h is  is b e c a u s e  i t  is d i f f ic u lt  t o  c a p tu r e  e v e n ts  in  r u g b y  u s in g  o n ly  g lo b a l  
v ie w s ,  d u e  t o  th e  s iz e  o f  th e  f ie ld .  A  b r e a k  s e q u e n c e  d u r a t io n  d e p e n d s  o n  w h a t  is r e a l ly  
h a p p e n in g  in  a  r u g b y  m a tc h  (i .e .  th e  ca u se  o f  t h e  b r e a k ) .  F o r  e x a m p le ,  b re a k s  in  r u g b y  
m a tc h e s  d u e  t o  in ju r ie s  u s u a lly  la s t lo n g e r  th a t  th o s e  th a t  a r e  c a u sed  b y  fou ls .
T h e  fu n c t io n a l i t y  o f  th is  s ta g e  is r e a lis e d  th r o u g h  u s in g  H M M s .  B e fo r e  w e  d iscu ss  th e  
te c h n ic a l d e ta i ls  o f  th is  s ta g e ,  w e  f ir s t  r e v ie w  ( in  th e  f o l lo w in g  s e c t io n )  a t  th e  d e f in it io n  
o f  H M M s  a n d  lo o k  a t s o m e  u se fu l a lg o r i th m s  r e la t e d  t o  th e s e  m o d e ls .
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global view medium view j I medium doseup medium doseup j global view
P la y  B re a k -----------------------  '------ P lay
F ig u r e  6 .3 : A  typ ica l s e q u e n c e  o f  r u g b y  sh o ts . U n lik e  ten n is , p la y  s e g m e n ts  ca n  be m o r e  
th an  o n e  sh o t  o f  g loba l v ie w  a n d /o r  m e d iu m  v ie w s . T h is  s e q u e n c e  r e p e t it iv e ly  o c cu rred  
in  ru g b y  v id eo s . A  break  s e q u e n c e  d u ra t io n  d ep en d s  o n  w h a t is  rea lly  h a p p en in g  in  the  
m a tc h  in  t e r m s  o f  th e  ca u se  o f  the break.
6.3 Hidden Markov Models
A n  H M M  (d e s c r ib e d  in  d e t a i l  in  [7 5 ]) is  a  p o w e r fu l  t o o l  a n d  a  p o p u la r  te c h n iq u e  w id e ly  
u sed  in  p a t t e r n  r e c o g n it io n .  In  th e  l i t e r a tu r e ,  H M M s  w e re  m a in ly  u sed  in  th e  p a s t  
fo r  s p e e c h  r e c o g n it io n .  R e c e n t ly ,  H M M  h as  b e e n  r e c e iv in g  m u ch  a t t e n t io n  in  m a n y  
o th e r  f ie ld s  such  as m a c h in e  v is io n  a n d  m u lt im e d ia  p ro c e s s in g . T h e r e  a r e  m a n y  v id e o  
a n a ly s is  s y s te m s  th a t  e m p lo y e d  H M M .  B o r e c z k y  e t  a l. in  [3] d e s c r ib e d  a  te c h n iq u e  
fo r  s e g m e n t in g  v id e o  in to  s h o ts  u s in g  H M M .  A n  H M M - b a s e d  c la s s if ie r  w a s  u sed  in
[86] f o r  T V  p r o g r a m  c a te g o r is a t io n .  T h e y  c o n s id e re d  f iv e  T V  p r o g r a m s : c o m m e r c ia l ,  
b a s k e tb a ll,  f o o tb a l l ,  n ew s  a n d  w e a th e r  fo r e c a s t .  A u d io ,  c o lo u r  a n d  m o t io n  in fo r m a t io n  
w e r e  u sed  as in p u t  t o  th e ir  c la s s if ie r . C h a n g  e t  a l. [6] e m p lo y e d  H M M s  fo r  e x t r a c t in g  
h ig h lig h ts  f r o m  b a s e b a ll g a m e  v id e o .  K i ja k  e t  a l. [38] p r o p o s e d  a n  H M M - b a s e d  s y s te m  
th a t  in te g r a te s  v is u a l a n d  a u d io  fe a tu r e s  fo r  te n n is  v id e o  s tru c tu r in g .  M o s t  re c e n t ly ,  
H M M  w a s  a ls o  u sed  in  [43, 42] fo r  th e  a u to m a t ic  in t e r p r e ta t io n  a n d  e v o lu t io n  t r a c k in g  
o f  a  te n n is  m a tc h .
In  th is  th e s is , w e  w i l l  u se  H M M  t o  t e m p o r a l ly  s m o o th  d ec is io n s  g e n e r a te d  b y  th e  s h o t  
c la s s if ie r . T h e  a im  is t o  b r id g e  th e  g a p  b e tw e e n  th e  s e m a n tic  c o n te n t  c a te g o r is a t io n  
d e f in e d  b y  th e  u ser a n d  th e  a c tu a l v is u a l c o n te n t  c a te g o r ie s .  B e fo r e  w e  d iscu ss  h o w  w e  
e m p lo y  H M M s  w e  f ir s t  d e f in e  a n  H M M .
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6.3.1 What are HMMs?
A n  H M M  A  is  c h a ra c te r is e d  b y  a  f in i t e  n u m b e r , Q ,  o f  s ta te s :
s  =  { a i , c r 2 , . . . , c r g }  (6 .1 )
T h e  H M M  is  a lw a y s  in  o n e  o f  th e s e  s ta te s ;  th e  s ta t e  a t  t im e  t  is  d e n o te d  as  qt- G e n e r a l ly  
th e  s ta te s  a r e  in te r c o n n e c te d  in  a  w a y  th a t  a n y  s ta t e  c a n  b e  r e a c h e d  f r o m  a n y  o th e r  
s ta te .  T h e  t r a n s it io n  p r o b a b i l i t y  d is t r ib u t io n  b e tw e e n  s ta te s  is  r e p r e s e n te d  as a  m a t r ix  
A  :
A  —  { a i j }  w h e r e  a^- =  P ( q t+1 =  <Jj\qt =  a * ) ,  1 <  i ,  j  <  Q  (6 .2 )
P e r  s ta te ,  th e r e  is a  n u m b e r  o f  d is t in c t  o b s e r v a t io n  s y m b o ls .  In  o u r  ca se , th e  s e t  o f  
o b s e r v a t io n  s y m b o ls  is  th e  p o s s ib le  o u tp u t  o f  th e  s h o t  c la s s if ie r  i.e . V  =  { V i ,  V 2 , ..., V r } .  
A n y  s ta te ,  j ,  is  c h a ra c te r is e d  b y  th e  o b s e r v a t io n  s y m b o l  p r o b a b i l i t y  d is t r ib u t io n  B  :
B  =  { b j ( k ) }  w h e r e  b j ( k )  =  P ( O t —  V k \qt —  O j ) ,
1 <  j  <  Q ,  1 <  k  <  K  (6 .3 )
W h e r e  O t  is th e  o u tp u t  o f  th e  b o o s te d  d e c is io n  t r e e  c la s s if ie r  a t  t im e  t.
T h e  in i t ia l  s ta t e  d is t r ib u t io n  is  g iv e n  b y  :
n  =  {7 T i} w h e r e  iti =  P (q \  =  o f ) ,  1 < i  < Q  (6 .4 )
6.3.2 Evaluation problem
G iv e n  th e  o b s e r v a t io n  s e q u e n c e  O  —  0 \ 0 2 . . .  O t  (w h e r e  e a c h  O t  is  o n e  o f  th e  s y m b o ls  
in  V ,  a n d  T  is th e  s e q u e n c e  le n g th ) ,  g e n e r a te d  f r o m  c la s s ify in g  T  s h o ts  w i t h  th e  d e c is io n  
t r e e  c la s s if ie r ,  o u r  a im  is  t o  c o m p u te  th e  p r o b a b i l i t y  o f  th e  o b s e r v a t io n  s e q u e n c e  g iv e n  
A  , i.e . P ( 0 1A). T h is  is  a c h ie v e d  u s in g  th e  fo r w a r d  a lg o r i th m  in  w h ic h  th e  fo r w a r d  
v a r ia b le  a t  is  d e f in e d  as :
a t ( i )  =  P ( 0 i 0 2 . . . O t , q t =  <r<|A) (6 .5 )
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T h e  fo r w a r d  a lg o r i th m  c a n  b e  s u m m a r is e d  as  fo llo w s :
Algorithm 2: F o r w a r d  p r o c e d u r e
1. in it ia lis a t io n :  ct\(i) =  KibjOi)
2. F o r  t =  1 to  T  co m p u te  :
&t+l (j) — [ E £ i  bj ( O f + l)
3. R e t u rn  : P (O J A ) =  E E = i  aT{i)-
O n e  issu e  is  th e  in i t ia l is a t io n  o f  t h e  H M M  p a ra m e te r s  ( i .e .  A, B a n d  n). F o r  n w e  u se  
a  u n ifo rm  e s t im a te s  s in c e  i t  is e q u a l ly  l ik e ly  t o  b e  a t  a n y  s ta t e  w h e n  t —  1. A s  fo r  A 
an  B w e  u se  a  t r a in in g  s e t  t o  e s t im a te  th e m  fo r  e a c h  s p o r t .
6.3.3 Decoding problem
A n o t h e r  issu e  w h e n  d e a l in g  w i t h  H M M s  is  th e  p r o b le m  o f  d e c o d in g .  I n  th is  p r o b le m  w e  
n e e d  t o  f in d  th e  s in g le  b e s t  s ta t e  s e q u e n c e  g iv e n  a n  H M M  m o d e l  a n d  t h e  o b s e r v a t io n  
s e q u e n c e  g e n e ra te d  b y  c la s s i fy in g  a  s e q u e n c e  o f  s h o ts  u s in g  th e  b o o s t e d  d e c is io n  t r e e  
c la s s if ie r .  T h e  V i t e r b i  a lg o r i th m  [84] is  u s ed  t o  r e a lis e  th e  m o s t  l ik e ly  s ta te s  s eq u e n c e . 
T h e  a lg o r i th m  c a n  b e  s u m m a r is e d  as fo l lo w s :
Algorithm 3: Viterbi algorithm
• 6t(i): is th e  b est sco re (h ig h e st p ro b a b ility ) along a  sin g le  p a th , at tim e t, w h ich  
a cco u n ts fo r th e firs t  t o b se rva tio n s a n d  ends in  sta te  o +
• \P t(i): is  an  a r ra y  u se d  to re trie v e  th e  s in g le  best sta te sequence. \P *(i) sto res the  
in d e x  o f  th e sta te  at tim e  t — 1 th a t m a x im ise s 5t(i).
1. in it ia lis a tio n :
8i(i) = 7dbi(Oi), 1 < i < Q  
4q (i) =  0
2. R e c u rs io n :
St(j) =  m a x  ]5t_ i ( / ) a i j ] 6 j ( O f ), 1 <  j  < Q and 2 < t < T1 <i<Q
^ tC ? ) =  a rg  m a x  [<5t_ i ( ? ) a ^ ] ,  1 <  i < Q and 2 < t < T1<£<Q
3. T e rm in a tio n :
P* =  il  <i<Q 
Qt =  a rg  m a x  [6T(i)]1 <t<Q
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Qt =  * =  T  -  1, T  -  2, • • •, 1
4. State sequence backtracking:
6.4 Shot grouping in terms of sport identity
A s  m e n t io n e d  e a r l ie r ,  th e  a im  o f  s h o t  g r o u p in g  in  te rm s  o f  s p o r t  id e n t i t y  is t o  id e n t i f y  
th o s e  su b se q u en c es  th a t  b e lo n g  t o  t h e  s a m e  s p o r t .  T w o  H M M  s e tu p s  a r e  c o n s id e re d : 
in d iv id u a l  H M M s  s e tu p  a n d  s in g le  H M M  s e tu p . F ig u r e  6 .4  sh o w s  th e  in d iv id u a l  H M M s  
s e tu p . In  th is  s e tu p , w e  c o n s tru c t  a n d  t r a in  a n  H M M  m o d e l  f o r  e a c h  s p o r t  w e  w a n t
Shot
Label.
Shot
Label.
Shot
Label,
Shot
Labels
,Sequence 
Label
F ig u r e  6 .4 : In d iv id u a l  H M M s  s e tu p . I n  th is  s e tu p , w e  c o n s tr u c t  a n d  tra in  an  H M M  
m o d e l  f o r  ea ch  s p o r t  w e  w a n t  to  d etect. A  p o s t -p r o c e s s in g  is  p e r f o r m e d  o n  th e  o u tp u t  
o f  ea ch  H A I M .  T h e  s e q u e n c e  is  labelled  by  th e  id e n t it y  o f  th e  H M M  th a t o u tp u t  th e  
m a x im u m , lik elihood.
t o  d e te c t .  W e  a r e  c o n s id e r in g  tw o  s c e n a r io s . I n  t h e  f i r s t  s c e n a r io  t h e  v id e o  s e q u e n c e  
r e p re s e n ts  o n ly  o n e  s p o r t  e v e n t .  A f t e r  e x t r a c t in g  th e  s h o ts  a n d  r e p r e s e n t in g  th e m  as 
cu e  v e c to r s ,  w e  e n g a g e  th e  b o o s te d  d e c is io n  t r e e  c la s s if ie r  t o  c la s s ify  e a c h  s h o t  b a s e d  o n  
its  cu es  a n n o ta t io n .  T h e  s e q u e n c e  g e n e ra te d  a re  th e n  fe d  t o  a ll a v a ila b le  H M M s .  T h e  
s e q u e n c e  is c la s s if ie d  as th a t  s p o r t  fo r  w h ic h  th e  H M M  m o d e l  g e n e r a te d  th e  h ig h e s t  
r e s p o n s e , i.e . P ( 0 | A ) .
In  th e  s e c o n d  s c e n a r io ,  th e  v id e o  s e q u e n c e  m a y  c o n ta in  m o r e  th a n  o n e  d is c ip lin e . W e  
c a n n o t  u se  th e  p r e v io u s  m e th o d  s in c e  w e  d o  n o t  k n o w  th e  b o u n d a r ie s  o f  th e  s u b se ­
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qu en c es . O n e  s o lu t io n  t o  th is  p r o b le m  is  t o  o b t a in  p t —  l o g [P { 0 \ 0 2  . •. O t  [A )] a t  e a ch  
t ,  1 <  t  <  T .  H e r e  th e  lo g  is c o m p u te d  t o  d e a l  w i t h  ca se  w h e n  P ( 0 i 0 2 . . .  O t jA )  is 
s ig n i f ic a n t ly  s m a ll  a n d  th u s  o u t  o f  th e  d y n a m ic  r a n g e  o f  th e  m a c h in e  [75 ]. F ig u r e  6 .5 (a )  
sh o w s  th e  o u tp u t  o f  fo u r  H M M s  o p e r a t in g  o n  a  s eq u en ce . N o t e  t h a t  t h e  H M M  o u tp u t
( a )  T h e  o u t p u t  o f  f o u r  c o m p e t in g  H M M  ( b )  A f t e r  p r o c e s s in g  ( a )
F ig u r e  6 .5 : T h e  o u tp u t  g e n e ra te d  f r o m  f o u r  d if fe r e n t  H M M s  ea ch  sp ec ia lised  to  o n e  
sp o rt . S p o r t  in c lu d e d  a re h ock ey , s w im m in g , y a c h tin g  a n d  track  e v e n ts .
o f  a  s p o r t  e x h ib it s  t h e  m in im u m  c h a n g es  o v e r  t h e  s u b se q u en c e  r e p r e s e n t in g  th a t  s p o r t .  
T o  e x p lo i t  th is ,  w e  c o m p u te  th e  d is c r e te  d e r iv a t iv e  A t —  p t — pt~ l  a n d  s m o o th  th e  r e s u lt  
w i t h  a  b in o m ia l  f i l t e r  k e rn e l o f  o r d e r  5 (F ig u r e  6 .5 (b ) ) .  T h e  a b o v e  p ro c e s s  is  c a r r ie d  
o u t  t o  id e n t i fy  s u b se q u en c es  in  w h ic h  o n e  H M M  h as  th e  m a x im u m  A t f o r  a ll  th e  p o in ts  
in  th is  s u b se q u en c e . T h e  s u b s e q u e n c e  is la b e l le d  b y  th e  id e n t i t y  o f  th is  H M M .
F ig u r e  6 .6  s h o w s  th e  s in g le  H M M  s e tu p . I n  th is  s e tu p , w e  c o n s tru c t  a  s in g le  H M M  
w i t h  e a c h  n o d e  r e p r e s e n t in g  o n e  o f  th e  s p o r t s  w e  w a n t  t o  d e t e c t .  I n  th is  s e tu p , th e  
p r o b le m  w e  n e e d  t o  s o lv e  is t o  f in d  th e  s in g le  b e s t  s ta t e  s e q u e n c e  g iv e n  th e  o b s e r v a t io n  
s e q u e n c e  g e n e r a te d  b y  c la s s i fy in g  a  s e q u e n c e  o f  s h o ts  u s in g  th e  b o o s t e d  d e c is io n  t r e e .  
T h e  V i t e r b i  a lg o r i th m  is u sed  t o  r e a l is e  th e  m o s t  l ik e ly  s e q u e n c e  s ta te .
B a s e d  o n  e a r l ie r  e x p e r ie n c e  [32, 3 0 ], w e  fo u n d  th a t  b o t h  s e tu p s  p e r fo r m e d  w e ll.  T h e y  
s ig n i f ic a n t ly  im p r o v e d  th e  q u a l i t y  o f  c la s s if ic a t io n .  H o w e v e r ,  th e  b e s t  r e s u lt  w a s  a c h ie v e d  
u s in g  th e  s in g le  H M M  s e tu p . M o r e o v e r ,  t h e  s in g le  H M M  s e tu p  p r o v e d  t o  b e  m o r e  c o n ­
v e n ie n t  s in c e  i t  r e q u ir e d  n o  p o s t -p r o c e s s in g  o f  th e  o b t a in e d  re su lts .
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F ig u r e  6 .6 : S in g le  H M M  se tu p . I n  th is  se tu p , w e  c o n s tr u c t  a s in g le  H M M  w ith  each  
n o d e  r e p r e s e n t in g  o n e  o f  th e  sp o r ts  w e  w a n t  to  d etec t. W e  f in d  the s in g le  best s ta te  
s e q u e n c e  g iv e n  the o b s e r v a t io n  s e q u e n c e . T h e  V i t e r b i  a lgorithm , is  u sed  to  rea lise  th is.
6.5 Shot grouping in terms of play/break segments
A s  m e n t io n e d  b e fo r e ,  p la y  s e g m e n ts  a r e  th o s e  s e g m e n ts  o f  th e  v id e o  s e q u e n c e  th a t  
c a p tu r e  th e  e v e n t  w h i le  th e  p la y  is  h a p p e n in g .  B r e a k  s e g m e n ts  a r e  n o n -p la y  s e g m en ts . 
S e g m e n ta t io n  in  te rm s  o f  p la y / b r e a k  w o u ld  a id  fu r th e r  h ig h - le v e l a n a ly s is  a t  la t e r  
s ta g e s . T h e  s im p l ic i t y  o f  th e  s e g m e n ta t io n  d e p e n d s  o n  th e  s p o r t .  A s  w e  sa w  in  F ig u r e
6 .2  a n d  F ig u r e  6 .3 , d e t e c t in g  p la y  s e g m e n ts  in  te n n is  is a n  e a s ie r  ta s k  c o m p a r e d  t o  t h a t  
fo r  ru gb y . In  th e  l i t e r a tu r e ,  m a n y  a lg o r i th m s  fo r  p la y / b r e a k  s e g m e n ta t io n  e x is t  th a t  
a d d re s s  v a r io u s  s p o r t  d is c ip lin e s  [15, 34, 49 , 48 , 91 ]. H M M s  w e r e  e m p lo y e d  in  s o m e  o f  
th e s e  m e th o d s  t o  d e t e c t  p la y / b r e a k  s e g m en ts .
In  th is  th e s is , w e  w i l l  a ls o  use H M M s  t o  s e g m e n t  s eq u e n c e s  in  te rm s  o f  p la y / b re a k .  F i g ­
u re  6 .7  sh o w s  th e  H M M  m o d e l  fo r  th e  s e g m e n ta t io n  o f  a  s e q u e n c e  in  te rm s  o f  p la y /b re a k .  
In  th is  H M M ,  th e r e  a r e  tw o  h id d e n  s ta te s :  p la y  a n d  b re a k . T h e  o b s e r v a t io n s ,  as w e  
m e n t io n e d ,  a r e  th e  o u tp u t  o f  th e  s h o t  c la s s if ie r . A  s e p a ra te  H M M  w i l l  b e  t r a in e d  fo r  
e a ch  s p o r t .  T h is  is e s s en t ia l,  g iv e n  th e  fa c t  t h a t  th e  c o n te n t  o f  p la y  s e g m e n ts  in  te rm s  
o f  s h o t  la b e ls  d i f f e r  d e p e n d in g  o n  th e  s p o r t .
In  m u lt id is c ip l in a r y  e v e n ts ,  th e  p la y / b r e a k  s e g m e n ta t io n  w i l l  fo l lo w  th e  s e g m e n ta t io n
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F ig u r e  6 .7 : A n  H M M  to  s e g m e n t  a sh o t  s e q u e n c e  in to  p la y /b r e a k  s e g m e n ts . A  s ep a ra te  
H M M  is tra in ed  f o r  each  sp ort.
in  te rm s  o f  s p o r t  id e n t ity .  T h e  s e tu p  is i l lu s t r a te d  in  F ig u r e  6 .8 . F o r  e x a m p le ,  i f  w e
Shot labels
play/break segments
for each sport
F ig u r e  6 .8 : A  tw o  s ta g e  s e g m e n ta t io n  o f  s h o t  seq u en ce . T h e  f i r s t  s ta g e  is  c o n c e rn e d  
w ith  s e g m e n ta t io n  in  t e r m s  o f  s p o r t  id e n t ity . T h e  s e c o n d  sta g e  is  c o n c e r n e d  w ith  the  
s e g m e n ta t io n  o f  ea ch  sp o r t  s e g m e n t  in  term ,s o f  p la y /b re a k .
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h a v e  a  s e q u e n c e  c o m p o s e d  o f  m o r e  th a n  o n e  d is c ip lin e ,  w e  n e e d  f ir s t  t o  d e t e c t  th e  
b o u n d a r ie s  in  th is  s eq u e n c e , c o r r e c t  m is c la s s if ic a t io n  b y  th e  s h o t  c la s s if ie r  a n d  th e n  
la b e l th e  g e n e ra te d  su b se q u en c es . T h e  c o r r e s p o n d in g  H M M  m o d e l  is  th e n  e n g a g e d  t o  
d e t e c t  p la y / b r e a k  s egm en ts .
6.6 Experimental Results
T o  e v a lu a te  th e  m e r it  o f  e n g a g in g  th e  t e m p o r a l  s m o o th in g  a n d  s h o t  g r o u p in g  s ta g e , 
w e  c o n d u c te d  a  n u m b e r  o f  e x p e r im e n ts .  O u t  o f  t h e  17 s p o r ts  in  o u r  d a ta b a s e ,  w e  
u sed  s e v e n  in  th e s e  e x p e r im e n ts .  T h e s e  s p o r ts  a re : fo o t b a l l ,  h o ck ey , ru g b y , s n o o k e r , 
s w im m in g ,  te n n is  a n d  y a c h t in g .  T h e  s e le c t io n  w a s  b a s e d  o n  th e  a v a i la b i l i t y  o f  t r a in in g  
a n d  t e s t  m a te r ia ls .
6.6.1 Temporal smoothing
I n  th is  e x p e r im e n t ,  w e  e x a m in e  th e  im p r o v e m e n t  in  c la s s if ic a t io n  q u a l i t y  a f t e r  e m p lo y ­
in g  th e  t e m p o r a l  s m o o th in g .  W e  use a  s in g le  H M M  s e tu p . T h e  h id d e n  s ta te s  in  th is  
m o d e l  r e p r e s e n t  th e  s p o r t  in v e s t ig a te d  (i .e .  s e v e n  s p o r t s ) .  T h e  o b s e r v a t io n s  a re  th e  
o u tp u ts  f r o m  th e  s h o t  c la s s if ie r ,  w h ic h  is  a  b o o s t e d  v e r s io n  ( T  =  2 5 ) o f  a  d e c is io n  
t r e e .  T r a n s i t io n  p r o b a b i l i t ie s  a n d  th e  o b s e r v a t io n s  p r o b a b i l i t ie s  in  e a c h  h id d e n  s ta t e  
a r e  le a rn t  f r o m  a  s e p a ra te  t r a in in g  se t. T a b le  6 .1  s u m m a r is e s  th e  r e s u lts  o b t a in e d  f r o m  
th e  m o d e .  O v e r a l l ,  th e  r e s u lts  s u g g e s t  a  s ig n if ic a n t  r e d u c t io n  in  c la s s if ic a t io n  e r r o r .  A t  
s p o r t  le v e l,  w e  n o t ic e d  th a t  s n o o k e r  d id  n o t  b e n e f i t  f r o m  th e  t e m p o r a l  s m o o th in g .  A s  
i t  w a s  d is cu ssed  in  th e  p r e v io u s  c h a p te r ,  w e  c o n s id e r  s n o o k e r  as a n  e a s y  d is c ip l in e  fo r  
c la s s if ic a t io n . W e  d e m o n s t r a te d  th a t  a  v e r y  g o o d  c la s s if ic a t io n  c a n  b e  a c h ie v e d  u s in g  
b o o s t e d  d e c is io n  tr e e s . R u g b y  a ls o  d id  n o t  b e n e f i t  in  t e rm s  o f  c la s s if ic a t io n  a c c u ra cy . 
H o w e v e r ,  t e m p o r a l  s m o o th in g  s ig n i f ic a n t ly  im p r o v e d  th e  p r e c is io n  ra te .  T o  a p p r e c ia t e  
th e  im p r o v e m e n t  a c h ie v e d ,  in  F ig u r e  6 .9  w e  s h o w  th e  g e o m e t r ic  m e a n  o f  th e  r e c a l l  a n d  
p r e c is io n  ra te s  ( i .e .  V R e c a l l  x  P r e c i s i o n ) .  T h is  m e a s u re  s u g g e s ts  t h a t  a l l  s p o r ts ,  b u t  
s n o o k e r ,  b e n e f i t e d  f r o m  th e  t e m p o r a l  s m o o th in g .
F ig u r e  6 .10  s h o w s  a  s e q u e n c e  c o m p r is in g  o f  th r e e  d i f fe r e n t  s p o r t  s p e c i f ic  su b se q u en c es
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B o o s t e d  D e c is io n  T r e e T e m p o r a l  S m o o th in g
S p o r ts R e c a l l P r e c . R e c a l l P r e c .
F o o t b a l l 85 .5 88 .2 94.9 94 .3
H o c k e y 80 .6 88 .4 98.3 79.1
R u g b y 8 9 .3 93.2 86.6 98 .7
S n o o k e r 96.3 98 .8 93.3 99.8
S w i m m i n g 8 5 .6 91 .8 96.5 96.6
T e n n i s 95.5 95.2 97.5 98.8
Y a c h t i n g 91.2 8 4 .9 100 81 .0
T a b le  6 .1 : T h e  p e r f o r m a n c e  e n h a n c e m e n t  a c h ie v e d  by  e x p lo it in g  te m p o ra l  co n tex t . R e ­
ca ll ra te  has s ig n ifica n tly  im p r o v e d  f o r  fo o t b a l l  h ock ey , s w im m in g , t e n n is  a n d  y a ch tin g . 
S n o o k e r  a n d  ru g b y  d id  n o t  b en e fit  f r o m  the tem p o ra l sm o o th in g . H o w e v e r ,  th e ir  p r e c i ­
s io n  ra te  has im p r o v e d
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F ig u r e  6 .9 : C o m p a r is o n  o f  the p e r f o r m a n c e  o f  the boosted  d e c is io n  tree  b e fo re  a n d  a fte r  
te m p o ra l sm o o th in g . W e  u sed  th e  g e o m e t r ic  m ,ean o f  the reca ll a n d  p r e c is io n  ra tes  (i . e .  
V R e c a l l  x  P r e c i s i o n ) .
r e p r e s e n t in g  ru g b y , h o c k e y  a n d  fo o t b a l l .  A s  w e  c a n  see , in  th e  r u g b y  s u b se q u en c e , tw o  
s h o ts  w e r e  m is c la s s if ie d  as fo o t b a l l .  A ls o ,  in  th e  h o c k e y  s u b se q u en c e , tw o  s h o ts  w e re  
m is c la s s if ie d  as ru g b y . In  b o t h  cases  th e  t e m p o r a l  s m o o th in g  c o r r e c te d  th e s e  e r ro rs .
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R u g b y  H o c k e y  T e n n i s
G T  -• Qround Truth
D T  -Boosted decision tree output 
T S  :After temporal smoothing
F ig u r e  6 .10 : A n  e x a m p le  s h o w in g  h o w  the tem p o ra l s m o o th in g  is  u se d  to  red u ce  c la ss ifi ­
ca t io n  e r ro r . T h e  e x a m p le  sh o w s  a s e q u e n c e  o f  three s p o r ts : ru g b y , h o ck ey  a n d  te n n is .
6.6.2 Shot Grouping
In  th is  e x p e r im e n t ,  w e  d e m o n s t r a te  th e  s y s t e m ’s a b i l i t y  in  s h o t  g r o u p in g .  S h o t  g r o u p in g  
is th e  p ro c e s s  o f  g e n e r a t in g  su b se q u en c es  f r o m  th e  o r ig in a l  s eq u e n c e . A  s u b se q u en c e  is 
d e f in e d  as a  c o n t ig u o u s  a r r a y  o f  id e n t ic a l s h o t  la b e ls .  F o r  e x a m p le ,  in  F ig u r e  6 .10 , th e  
s y s te m  d e t e c te d  th r e e  su b se q u en c es : ru g b y , h o c k e y  a n d  fo o tb a l l .  F ig u r e  6 .11  sh o w s  th e
■  Correct
® Error in boundaries 
□  Not correct
F ig u r e  6 .11 : S h o t  g ro u p in g  resu lts . T h e  e v a lu a t io n  w a s  d o n e  o n  s e v e n  s p o r ts  .foo tba ll,  
h ock ey , ru g by , sn o o k e r , s w im m in g , t e n n is  a n d  y a ch tin g .
r e s u lt  o f  s h o t  g r o u p in g  in  te rm s  o f  s p o r t  id e n t it ie s .  A s  s h o w n , 6 3 .5 %  o f  th e  g e n e ra te d  
s eq u en ces  w e re  c o r r e c t ly  la b e lle d .  T h e  b o u n d a r ie s  o f  th o s e  s eq u e n c e s  c o r r e s p o n d  t o  
th o s e  o f  th e  g r o u n d - t r u th in g .  1 5%  o f  th e  s eq u en ces  w e r e  la b e l le d  c o r r e c t ly ,  b u t  th e r e  
w e re  e r r o r s  in  th e  b o u n d a r ie s .  In  m a n y  cases , th e  e r r o r s  in  th e  b o u n d a r ie s  a r e  d u e  t o  
a m b ig u ity  in  th e  m a te r ia l  r a th e r  th a n  th e  c la s s if ic a t io n  s y s te m , i.e . c r o w d  s h o t  a t  th e  
b e g in n in g  o r  th e  e n d  o f  a  s p o r t  e v e n t .  T h e  r e s t  o f  th e  su b se q u en c es  g e n e r a te d  (i .e .  
2 1 .5 % ) w e re  m is la b e le d .  F ig u r e  6 .12  sh o w s  a n  e x a m p le  o f  a  r u g b y  s e q u e n c e  w i t h  e r ro rs
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o n  th e  s h o t  g r o u p in g .  T h e  s y s te m  g e n e r a te d  th r e e  s u b seq u en ces  in  w h ic h  o n e  o f  th e m  
w a s  m is c la s s if ie d  as y a c h t in g .  T h e  m is c la s s if ie d  s eq u e n c e  r e p r e s e n ts  a  s e r ie s  o f  s h o ts  
s h o w in g  e ith e r  c lo s e - lip  o r  c r o w d  v ie w s .
GROUNDTRUTH RRCRRRCRCRRCRRCCCCCCRRCRCC 
SHOT CLASSIFIER RRCRRCCRCRRCRRCYCCCCRRCRRC 
DECISION SMOOTHING RRRRRRRRRRRRRRYYYYYYRRRRRR
GROUPING R U G B Y  Y A C H T IN G  R U G B Y
F ig u r e  6 .12: A n  e x a m p le  r e p r e s e n t in g  a r u g b y  seq u en ce . W e  s h o w  th e  g r o u n d -t r u th  
labels, the o u tp u ts  o f  the sh o t  c la s s if ie r  a n d  the o u tp u ts  a fte r  e n g a g in g  the H M M .  A s  
sh o w n , th e  s y s te m  g e n e ra te d  th ree  su b s e q u e n c e s  in  w h ich  o n e  o f  th e m  w as w ro n g ly  
labelled .
6.6.3 Play/break segmentation
In  th is  e x p e r im e n t ,  w e  e v a lu a t e  H M M s  d e s c r ib e d  in  S e c t io n  6 .5  in  d e t e c t in g  p la y / b r e a k  
s e g m en ts . A s  a  t e s t  b e d ,  w e  use f iv e  s p o r ts :  f o o tb a l l ,  h ock ey , ru g b y , s n o o k e r  a n d  te n n is .  
T h e  H M M s  c a n  b e  in  tw o  s ta te s :  p la y  a n d  b r e a k  (i .e .  tw o  h id d e n  s ta t e s ) .  W e  u se th e  
s m o o th e d  o u tp u ts  o f  th e  s h o t  c la s s if ie r  as o b s e r v a t io n s .  W e  b u i l t  an  H M M  fo r  e a ch  
s p o r t  in v e s t ig a te d .  A  s e p a ra te  t r a in in g  s e t w a s  u sed  t o  s e t th e  p r o b a b i l i t ie s  o f  th e  
H M M s .  T a b le  6 .13  s h o w s  th e  r e s u lt  o b t a in e d  f r o m  th e  s e g m e n ta t io n .  T h e  d i f f ic u l t y  in  
d e t e c t in g  p la y / b r e a k  d e p e n d s  o n  th e  s p o r t ,  o r  r a th e r ,  o n  s h o t  t y p e s  d e f in in g  p la y / b r e a k  
s e g m e n ts  in  e a ch  s p o r t .  A s  m e n t io n e d  e a r l ie r ,  in  s o m e  s p o r ts  lik e  te n n is  a n d  s n o o k e r , 
g lo b a l  v ie w s  a r e  th e  m a in  f r a m in g  t y p e  u sed  t o  c a p tu r e  th o s e  s e g m e n ts  d e f in in g  th e  
p la y . O th e r  f r a m in g  t y p e s  a r e  u sed  in  s p o r ts  lik e  r u g b y  h o c k e y  a n d  fo o tb a l l .  T h is  
e x p la in s  th e  lo w  fa ls e  p o s i t iv e  r a te s  fo r  s n o o k e r  a n d  te n n is  c o m p a r e d  t o  r u g b y  fo o t b a l l  
a n d  h ock ey .
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F ig u r e  6 .13 : P e r f o r m a n c e  o f  the P la y /B r e a k  s e g m e n ta t io n . H e r e  w e  s h o w  the reca ll a n d  
the fa ls e  p o s i t iv e  ra tes  o f  d e te c t in g  p la y  e v e n t .  A s  w e  ca n  see , t e n n is  a n d  s n o o k e r  has  
a lo w e r  fa ls e  p o s i t iv e  ra te . T h is  is  d u e  to  type  o f  fr a m in g . C l o s e -u p s  a n d  c ro w d  are  
ra re ly  u se d  in  the tw o  sp o r ts  d u r in g  p la y  e v e n t .
6.7 Conclusion
In  th is  c h a p te r  w e  d is cu ssed  h o w  t o  im p r o v e  th e  q u a l i t y  o f  c la s s if ic a t io n  g e n e ra te d  
b y  th e  s h o t  c la s s if ie r . T h e  la b e ls  g e n e ra te d  a re  s u b je c t  t o  e r r o r  a n d  a m b ig u ity .  W e  
s h o w ed  th a t  t e m p o r a l  s m o o th in g  b a s ed  o n  in fo r m a t io n  c o n v e y e d  b y  n e ig h b o u r in g  s h o ts  
h e lp s  t o  r e d u c e  c la s s if ic a t io n  e r ro r .  W e  u sed  H M M s  t o  p e r fo r m  t e m p o r a l  s m o o th in g  
o n  th e  g e n e ra te d  la b e ls .  E x p e r im e n ta l  re su lts  s u g g e s ts  th a t  a  g o o d  e n h a n c e m e n t  c a n  
b e  a c h ie v e d . A ls o  in  th is  c h a p te r ,  w e  d is cu ssed  th e  g r o u p in g  o f  r e la t e d  s h o ts  to g e th e r .  
W e  a d d re s s e d  tw o  s ce n a r io s : m u lt id is c ip l in a r y  e v e n ts ,  in  w h ic h  w e  d id  th e  g r o u p in g  
in  te rm s  o f  s p o r t  id e n t ity ,  a n d  s in g le  e v e n ts ,  in  w h ic h  th e  g r o u p in g  w a s  in  te rm s  o f  
p la y / b re a k  s e g m en ts . In  b o th  cases  im p r o v e d  re su lts  w e r e  o b ta in e d .  T h e  o u tp u t  o f  
th is  s ta g e  w o u ld  fa c i l i t a t e  fu r th e r  h ig h - le v e l a n a ly s is  t o  g e n e r a te  f in e r  a n n o ta t io n  in  
te rm s  o f  in te r e s t in g  e v e n ts .
Chapter 7
C o n c l u s i o n  a n d  F u t u r e  R e s e a r c h
7.1 Introduction
T h e  p r o b le m  o f  v id e o  a n a ly s is  a n d  s u m m a r is a t io n  h as  b e e n  a n  a c t iv e  r e s e a rch  a r e a  in  
r e c e n t  y e a rs . W i t h  v a s t  a m o u n ts  o f  v id e o  m a te r ia l  b e in g  g e n e r a te d  e v e r y  d ay , th e r e  
is a  n e e d  fo r  t o o ls  t h a t  p r o v id e  e f f ic ie n t  in te r a c t io n  w i t h  th is  m a te r ia l .  D e v e lo p in g  
g e n e r ic  t o o ls  is  a  c h a l le n g in g  ta s k  a n d  is  u n lik e ly  t o  b e  r e a l is e d  in  th e  n e a r  fu tu re .  
H o w e v e r ,  b u i ld in g  d o m a in - s p e c i f ic  t o o ls  c a n  b e  a  m u ch  e a s ie r  ta s k  w i t h  th e  a v a i la b i l i t y  
o f  k n o w le d g e  a b o u t  th e  d o m a in  th a t  w o u ld  a id  th e  a n a ly s is  m o d u le .  In  th is  th e s is , 
w e  h a v e  p r e s e n te d  a  s y s t e m  fo r  t h e  a u to m a t ic  a n n o ta t io n  o f  s p o r ts  v id e o  m a te r ia l .  In  
th is  c h a p te r  w e  g iv e  a  b r i e f  s u m m a r y  o f  t h e  p r o p o s e d  s y s te m . W e  a ls o  d iscu ss  s o m e  
im p ro v e m e n ts  a n d  s o m e  in te r e s t in g  d ir e c t io n s  fo r  fu tu re  re se a rch .
7.2 Thesis Summary
I n  th is  th e s is  w e  p r o p o s e d  a  h ie r a r c h ic a l d e c is io n  m a k in g  s y s te m  t a i lo r e d  t o  p r o v id e  
a n a ly s is  a n d  s u m m a r is a t io n  o f  s p o r t  v id e o s .  T h e  o u tp u t  o f  e a c h  s ta g e  is  u sed  b y  th e  
n e x t  s ta g e  in  th e  h ie r a r c h y  t o  p r o v id e  a  h ig h e r  le v e l  d e c is io n .
In  C h a p te r  4  w e  d e s c r ib e d  th e  f ir s t  s ta g e  o f  th e  s y s te m . T h e  a im  o f  th is  s ta g e  w a s  
t o  f in d  a  c o m p a c t  y e t  e f f ic ie n t  w a y  t o  r e p r e s e n t  r a w  v id e o  d a ta .  T h is  is e s s en t ia l t o
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r e d u c e  th e  c o m p u ta t io n a l  c o s t  o f  t h e  r e m a in in g  s u b s e q u e n t s ta g e s . T h e  f i r s t  s te p  in  
th is  s ta g e  w a s  th e  t e m p o r a l  p a r t i t io n in g  o f  v id e o s  in t o  s h o ts  a n d  k e y  f r a m e  e x t r a c t io n .  
T h e  s e c o n d  s te p  w a s  c o n c e rn e d  w i t h  e x t r a c t in g  v is u a l  cu es  f r o m  s h o ts . I n  c o n t ra s t  
w i t h  m u ch  o f  th e  p r e v io u s  w o r k  in  th is  a rea , c u e  e x t r a c t io n  o ffe r s  m a n y  a d v a n ta g e s . 
B y  m e a n s  o f  a  s e t  o f  t r a in in g  p ro c e s s e s , a n  a s s o c ia t io n  b e tw e e n  t h e  fe a tu r e  d e t e c t o r  
o u tp u ts  a n d  th e  o c c u r r e n c e  o f  a c tu a l s cen e  fe a tu r e s  w a s  e s ta b lis h e d .  C u e s  a r e  s im p le  
fe a tu r e s  f r o m  th e  r e a l w o r ld ,  su ch  as g ra s s , ru n n in g  t r a c k ,  s w im m in g  p o o l  la n e . T h u s  
th e  c o n c e p ts  th e y  r e p r e s e n t  a r e  a t  a  h ig h e r  s e m a n t ic  le v e l  th a n  th o s e  g e n e r a te d  b y  
t y p ic a l  fe a tu r e  d e te c to r s .  T h is  a s p e c t  e n a b le s  n e w  fe a tu r e  d e t e c to r s  t o  b e  a d d e d  w it h o u t  
r e d e s ig n in g  th e  w h o le  s y s te m . W e  d e s c r ib e d  a  n u m b e r  o f  m e th o d s  u sed  in  th is  th e s is  
fo r  e x t r a c t in g  v is u a l cu es . W e  c o n d u c te d  a  n u m b e r  o f  e x p e r im e n ts  t o  t e s t  t h e  b e n e f it s  
o f  r e p r e s e n ta t io n  in  t e rm s  o f  cues.
In  C h a p te r  5 w e  d e s c r ib e d  th e  s e c o n d  s ta g e  o f  t h e  p r o p o s e d  s y s t e m  w h ic h  is  c o n c e rn e d  
w i t h  th e  c la s s if ic a t io n  o f  s h o ts  in to  a  p r e d e f in e d  s e t  o f  c a te g o r ie s .  T h e  fo r m a t io n  o f  
th is  s e t  w a s  m o t iv a t e d  b y  th e  c h a ra c te r is t ic  c in e m a t ic  p r o p e r t ie s  o f  s p o r t  v id e o s .  M o s t  
s p o r t in g  e v e n ts  ta k e  p la c e  in  o n e  lo c a t io n .  T h a t  m e a n s  o n ly  a  l im it e d  n u m b e r  o f  
c a m e ra s , m o s t  a t  f ix e d  p o s it io n s ,  a r e  n e e d e d  t o  c o v e r  th e  p la y  a r e a  a n d  c a p tu r e  th e  
e v e n t .  T h e r e fo r e ,  a  s e t  o f  c h a ra c te r is t ic  v ie w s  r e c o rd e d  b y  th e s e  c a m e ra s  c a n  b e  d e f in e d  
a n d  a s s o c ia te d  w i t h  th e  e v e n ts .  T h e  a im  a t  th is  s ta g e  w a s  t o  r e c o v e r  th e  v i e w  t y p e  
o f  e a ch  s h o t . T h e  fu n c t io n a l i t y  o f  th is  s ta g e  w a s  r e a l is e d  b y  a  b o o s t e d  v e r s io n  o f  a  
d e c is io n  t r e e  le a rn in g  a lg o r i th m . T h e  c h o ic e  w a s  m o t iv a t e d  b y  th e  h ie r a r c h ic a l n a tu r e  o f  
c la s s if ic a t io n  tr e e s .  In  m o s t  s h o t  c la s s if ie r s  r e p o r t e d  in  th e  l i t e r a tu r e  o n e  s e t  o f  lo w - le v e l  
fe a tu r e s  is  u sed  fo r  d is c r im in a t in g  a m o n g  a l l  c la sses . In  c o n t ra s t ,  th e  d e c is io n  t r e e -b a s e d  
s h o t  c la s s if ie r  in  th is  s ta g e  h as  th e  f l e x ib i l i t y  o f  c h o o s in g  d i f fe r e n t  s u b se ts  o f  cu es  a t  
d i f fe r e n t  in te rn a l n o d e s  o f  th e  t r e e  su ch  th a t  t h e  s u b s e t  c h o s en  o p t im a l ly  d is c r im in a te s  
a m o n g  th e  c lasses  a v a ila b le  a t  a  c e r ta in  n o d e . T h u s ,  u n n e c e s s a ry  c o m p u ta t io n s  c a n  b e  
e l im in a te d .  W e  a ls o  e x a m in e d  a s s e m b lin g  a  n u m b e r  o f  s p e c ia l is e d  c la s s if ie r s , e a c h  o f  
w h ic h  is a  b o o s te d  d e c is io n  t r e e ,  t o  s o lv e  a  c o m p le x  c la s s if ic a t io n  p r o b le m .  W e  h a v e  
s h o w n  th a t  b e t t e r  p r e c is io n  is  a c h ie v e d  u s in g  th is  s e tu p ; h o w e v e r ,  c o n s id e r a b le  e f fo r t  
w a s  r e q u ir e d  t o  c o n s tru c t  t h e  s p e c ia l is e d  c la s s if ie r s . A  n u m b e r  o f  e x p e r im e n t s  w e r e  
c o n d u c te d  t o  t e s t  th e  p r o p o s e d  s h o t  c la s s if ie r , a n d  a  g o o d  r e s u lt  w a s  r e p o r t e d .
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In  C h a p te r  6 w e  in t r o d u c e d  th e  id e a  o f  t e m p o r a l  s m o o th in g  w h ic h  is th e  th ir d  s ta g e  
o f  th e  p r o p o s e d  s y s te m . T h e  m a in  a im  o f  th is  s ta g e  w a s  t o  a t ta c k  th e  p r o b le m  o f  s h o t  
m is c la s s if ic a t io n . T h e  d e c is io n  r e a c h e d  a t  th e  s h o t  c la s s if ic a t io n  s ta g e  c a n  b e  s u b je c t  
t o  e r r o r s  in  c u e  e x t r a c t io n ,  in  th e  c la s s if ic a t io n  a lg o r i th m , a n d  a ls o  d u e  t o  g e n u in e  
a m b ig u ity  (e .g .  gra ss  is c o m p a t ib le  w i t h  s e v e r a l o u td o o r  s p o r t s ) .  M o r e o v e r ,  b o t h  th e  
cu e  e x t r a c t io n  a n d  th e  s h o t  c la s s if ic a t io n  g e n e ra te  a n n o ta t io n  u s in g  th e  in fo r m a t io n  
c o m p u te d  o n  s in g le  s h o ts / k e y  fra m e s . In  th is  s ta g e  w e  g e n e ra te  m o r e  r e l ia b le  d e c is io n s  
b y  e x p lo i t in g  th e  t e m p o r a l  c o n t e x t .  A n o th e r  a im  w a s  t o  g r o u p  r e la t e d  s h o ts  to g e th e r  
t o  fo r m  a  scen e . T h e  g r o u p in g  w a s  f ir s t  d o n e  in  te rm s  o f  s p o r ts  id e n t i t y  ( in  th e  ca se  o f  
m u lt id is c ip l in a r y  e v e n ts ) ,  a n d  th e n  in  te rm s  o f  p la y  s e g m en ts . T h e  fu n c t io n a l i t y  o f  th is  
s ta g e  w a s  re a lis e d  u s in g  a  h id d e n  M a r k o v  m o d e l  s y s te m . W e  e x a m in e d  tw o  s e tu p s  o f  
h id d e n  M a r k o v  m o d e ls .  A  n u m b e r  o f  e x p e r im e n ts  w e re  c o n d u c te d  t o  s tu d y  th e  b e n e f it s  
f r o m  in t r o d u c in g  th is  s ta g e .  T h e  r e s u lt  s h o w e d  s ig n if ic a n t  im p ro v e m e n t .
T h e  s y s te m  a t p re s e n t  is s t i l l  a t  a  r e la t iv e ly  y o u th fu l  s ta g e ,  w i t h  a  l im it e d  ra n g e  o f  t y p e s  
o f  o u tp u t .  H o w e v e r  th e  a r c h ite c tu r e  o f  th e  s y s te m  is a  f le x ib le  o n e , b e c a u s e  o f  th e  use o f  
th e  cu e  e x t r a c to r  m o d u le s ,  e a ch  o f  w h ic h  g e n e ra te s  cu e  e v id e n c e  in  an  id e n t ic a l  fo r m a t .  
T h is  m a k es  i t  s im p le  t o  a d d  n e w  t y p e s  o f  fe a tu r e  d e t e c to r s  in  th e  fu tu re . In  th e  n e x t  
s e c t io n  w e  lo o k  a t  p o s s ib le  e x te n s io n s  t o  th e  s y s te m .
7.3 Possible extensions and future research
S e v e ra l im p ro v e m e n ts  c a n  b e  m a d e  t o  th e  s y s te m  p re s e n te d  in  th is  th e s is . In  th e  
f o l lo w in g  s u b s e c t io n  w e  d e s c r ib e  in  d e t a i l  a  n u m b e r  o f  s u g g e s t io n  fo r  fu tu r e  re sea rch .
Shot detection
In  th is  th e s is , th e  t e m p o r a l  s e g m e n ta t io n  o f  ra w  v id e o  m a te r ia l  w a s  d o n e  m a n u a lly  
u s in g  a  g r a p h ic a l  u ser in te r fa c e .  A l t h o u g h  s e v e r a l s h o t  d e t e c t io n  a lg o r ith m s  e x is t  in  
th e  l i t e r a tu r e ,  fe w  a r e  ta i lo r e d  t o  th e  d o m a in  o f  s p o r t  v id e o s .
W e  o b s e r v e d  th a t  d e t e c t in g  a b r u p t  c u ts  p e r fo r m e d  r e a s o n a b ly  w e ll.  H o w e v e r  d e t e c t in g  
o th e r  t y p e s  o f  t r a n s it io n  d id  n o t  p e r fo r m e d  as w e ll.  A  s h o t  d e t e c t io n  m e th o d  s p e c if ic
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t o  s p o r ts  v id e o s  (b o t h  in d o o r  a n d  o u t d o o r  s p o r t s )  th a t  a d d res s es  th e  d i f fe r e n t  t y p e s  o f  
t r a n s it io n s  m a y  b e  a  p r o m is in g  re s e a rch  a rea .
Cues
E l l i p s e - b a s e d  c u e
O n e  p o s s ib le  a d d it io n  t o  th e  cu es  r e p o s i t o r y  is a n  e l l ip s e -b a s e d  cu e . W e  n o t ic e d  f r o m  th e  
d a ta b a s e  o f  s p o r ts  v id e o  m a te r ia ls  th a t  d e t e c t in g  e ll ip s e s  c a n  s e r v e  as a  s t r o n g  cu e  fo r  
d is c r im in a t in g  b e tw e e n  th e  d i f fe r e n t  s p o r t  d is c ip lin e s .  F ig u r e  7.1 sh o w s  tw o  e x a m p le
b )  F o o t b a l l .
F ig u r e  7.1 : E l l ip s e  d e te c t io n .
k ey  fra m e s  r e p r e s e n t in g  s h o o t in g  a n d  fo o tb a l l .  In  s h o o t in g ,  th e  n u m b e r  o f  e ll ip s e s  
a n d  th e ir  s ize s  c a n  s e rv e  as a  g o o d  fe a tu r e  fo r  c la s s i fy in g  s h o o t in g  s e g m e n ts . A n o th e r  
e x a m p le  is th e  d is c r im in a t io n  b e tw e e n  fo o t b a l l  a n d  r u g b y  im a g e s  (u n lik e  f o o t b a l l ,  r u g b y  
d o e s  n o t  h a v e  e l l ip s e s ).  In  a  s in g le  d is c ip l in e ,  d e t e c t in g  e ll ip s e s  c a n  b e  u sed  in  d e t e c t in g  
im p o r t  an t e v e n ts  w it h in  th is  d is c ip l in e .  F o r  e x a m p le  in  f o o t b a l l ,  th e  d e t e c t io n  o f  e ll ip s e s  
c a n  b e  a  g o o d  c u e  fo r  in fe r r in g  th a t  th e  p la y  is h a p p e n in g  in  th e  m id d le  o f  th e  f o o t b a l l
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p itc h .  W e  im p le m e n te d  a  H o u g h - t r a n s fo rm -b a s e d  cu e  d e t e c t o r  b u t  w e  fo u n d  th a t  t h e  
a c c u ra c y  o f  th is  c u e  w a s  p o o r  a n d  i t  w a s  c o m p u ta t io n a l ly  e x p e n s iv e .  M o r e  r e s e a rch  
n ee d s  t o  b e  c a r r ie d  o u t  t o  e f f ic ie n t ly  im p le m e n t  su ch  a  cu e  e x t r a c t io n  m e th o d .
A u d i o - b a s e d  c u e s
A l t h o u g h  a  g o o d  r e s u lt  c a n  b e  a c h ie v e d  u s in g  o n ly  v is u a l  cu es , as s h o w n  in  th is  th e s is , 
a u d io  (b o t h  s p e e c h  a n d  n o n -s p e e c h ) is a n  im p o r ta n t  s o u rc e  as w e ll ,  e s p e c ia l ly  w h e n  
d e t e c t in g  e v e n ts  su ch  as g o a ls  in  f o o t b a l l .  A u d io  cues p r o v id e  s ig n if ic a n t  in fo r m a t io n  
r e g a r d in g  v id e o  c o n te n t  w h ic h  is  m o r e  d i f f ic u l t  t o  in fe r  u s in g  o n ly  v is u a l  fe a tu re s .  I f  
w e  ta k e  in te r v ie w s  o r  n e w s  b r o a d c a s ts  f o r  e x a m p le ,  th e  v is u a l c o n te n t  is  d e f in i t e ly  n o t  
e n o u g h  t o  r e a l is e  w h a t  t h e  in t e r v ie w  o r  t h e  n e w s  s u b je c t  is a b o u t .  W h a t  w e  s ee  in  th is  
t y p e  o f  m a te r ia l  a r e  fa c e s  w i t h  l ip  m o v e m e n t  a n d  s o m e  e x p re s s io n . I n  th is  ca s e  s p e e c h  
p r o c e s s in g  a n d  s p e e c h  r e c o g n it io n  te c h n o lo g ie s  p la y  a  v i t a l  r o le  in  e x t r a c t in g  v a lu a b le  
k e y w o rd s  th a t  w i l l  h e lp  in  id e n t i f y in g  th e  d o m a in  o f  t h e  n e w s  o r  in t e r v ie w .  N o n -s p e e c h  
p ro c e s s in g  a n d  r e c o g n it io n  is a ls o  a n  im p o r t a n t  s o u rc e  o f  in fo r m a t io n .  I f  w e  lo o k  a t  th e  
s p o r t  v id e o  d o m a in  fo r  e x a m p le ,  i t  is  q u it e  d i f f ic u lt  t o  d e t e c t  th e  e x a c t  t im e  a t  w h ic h  
a  s w im m in g  r a c e  s ta r ts  u s in g  o n ly  v is u a l  in fo r m a t io n .  T h e  s o u n d  o f  th e  g u n  u sed  t o  
in i t ia t e  th e  r a c e  is d is t in c t iv e  a n d  g iv e s  a  s t r o n g  cu e . T h e r e  is  a  v a s t  b o d y  o f  re s e a rch  
a d d re s s in g  a u d io  a n a ly s is  a n d  r e c o g n it io n .  M u c h  o f  th is  r e s e a r c h  t a r g e t s  th e  d o m a in  o f  
s p o r t  v id e o s  (e .g .  [66 , 6 7 ]).  A  p r o m is in g  r e s e a r c h  a r e a  is  t o  in v e s t ig a te  e m p lo y in g  s o m e  
o f  th e s e  m e th o d s  f o r  e x t r a c t in g  a u d io -b a s e d  cues.
Event detection
A n o th e r  im p o r ta n t  e x t e n s io n  o f  t h e  s y s t e m  is  t h e  d e t e c t io n  o f  s p o r t - s p e c i f ic  e v e n ts . 
I n  m a n y  s y s te m s , u sers  e x p e c t  t o  h a v e  th e  a b i l i t y  t o  s ea rch  s p o r t  v id e o  d a ta b a s e s  
fo r  c h a ra c te r is t ic  e v e n ts  su ch  as g o a ls  in  f o o t b a l l  o r  th e  s ta r t  o f  s w im m in g  ra ce . T h e  
a n n o ta t io n  g e n e r a te d  b y  th e  p r o p o s e d  s y s t e m  c a n  a id  th is  p ro c e s s . T h e r e  a r e  tw o  m a in  
a p p ro a c h e s  fo r  e v e n t  d e t e c t io n :  ru le -b a s e d  a p p ro a c h  a n d  p r o b a b i l is t ic  a p p ro a c h .  In  th e  
f ir s t  a p p ro a c h , a  s e t  o f  ru le s  is  d e f in e d  f o r  e a c h  e v e n t .  F ig u r e  7 .2  s h o w s  a n  e x a m p le  
o f  d e t e c t in g  a n  e v e n t  u s in g  th e  ru le -b a s e d  a p p ro a c h . I n  t h e  p r o b a b i l is t ic  a p p ro a c h , a
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Figure 7.2: A n  e x a m p le  o f  d e te c t in g  a n  e v e n t  u s in g  th e  d e t e r m in is t ic  a pproa ch . T h e  
f lo w c h a r t  is  c o n c e rn e d  w ith  d e te c t in g  s w i m ^ s t a r F r a c e  e v e n t  in  s w im m in g .
m odel (such as a hidden M arkov m odel) is trained using suitable train ing m aterials and  
then used to evaluate the likelihood o f the corresponding event given a video segment.
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